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Chapter I 
GenerafIntroduction 
Surfactants exhibit a fascinating range of applications related to 
chemical, biochemical, pharmaceutical, and industrial fields, such as in 
detergents, paints, dyestuffs, paper coatings, inks, plastics, fibres, personal care 
products, floatation. enhanced oil recovery or surfactant based separation 
processes [1-4]. Such commercial surfactants are invariably mixtures of 
different surfactants due to economical as well as beneficial effects, it is 
therefore important to understand the interactions among surfactants in 
mixtures. Surfactants possess a duality and asymmetry of properties. The 
opposing tendencies are asymmetrically distributed and may be separately and 
simultaneously satisfied. Surfactants are amphiphilic molecules composed of 
two entities; a long hydrophobic tail that has a high affinity with oil and a 
hydrophilic head that has a high affinity with water. In aqueous solutions, such 
molecules assemble reversibly into a variety of spatially organized structures, 
whose common feature is the tendency for the hydrophobic tails to avoid 
contact with water (Fig. 1.1). 
hydrophobic 	h drophilic 
tail 	 hcadgroup 
Fig. 1.1: Schematic representation of a surfactant monomer. 
Surfactants and their Classification 
The term surfactant is a blend of words `SURFace ACTive AgeNT" 
which literally means active at surface, coined by Antgra Products [5] in 1950. 
Surfactants being heterogeneous, and long chain molecules, when present at 
low concentration in a solution, have the property of adsorbing onto the 
surface/interface of the system in an oriented fashion altering the 
surface/interfacial free energy to a marked extent. Another important property 
of surface active agents is that unimers in solution tend to form aggregates. 
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These characteristic features of the surfactant system originate from its 
amphiphilic molecular structure and the term relates to the fact that all 
surfactant molecules possess spatially distinct polar and non polar parts—the 
lyophilic and lyophobic portions being soluble and insoluble respectively in 
water [2,6,7]. The hydrophobic part of the surfactant, mainly a 
hydrocarbon fluorocarbon siloxane residue, can be branched or linear and 
usually consists of 8-18 carbon atones. Majority of the surfactants usually 
contain only one polar hydrophilic head which may be ionic or nonionic and 
the choice of which determines the properties to a large extent. The size of the 
head group in the nonionic surfactants can be varied at will but for Ionics the 
size is more or less a fixed parameter. The polar group is generally, but not 
always, attached to one end of the alkyl chain. The degree of chain branching, 
the position of the polar group and the chain length are parameters that dictate 
the physicochemical properties of the surfactants. The hydrocarbon tail exhibits 
weak affinity for water molecules in an aqueous environment. In contrast, the 
ionic or polar head shows strong affinity for water molecules as a result of 
ion-dipole and dipole-dipole interaction. This hydrophobic-hydrophilic 
combination makes surfactants unique with respect to their physical properties. 
A general classification of the surfactants may be made on the basis of 
the nature of polar group. 
(1) Ionic Surfactants 
(u) Anionic Surfactants: The surface active portion of the molecule bears a 
negative charge. Anionic surfactants are the most widely used class of 
surfactants in industrial applications [8,9]. Due to their low cost of 
manufacture, they are used in practically every type of detergent. 
E.rnmples: 
Sodium laurate: CH,(CH,),,,COO Na- 
Sodium dodecylbenzenesulfonate: Cli;(CH, )„CH,SO,- Na` 
2 
(b) Cationic Surfactants: The surface active portion of the molecule bears a 
positive charge. The prime use of cationic surfactants is their tendency to 
adsorb on negatively charged surfaces, e.g., anticorrosive agents for steel, 
flotation collectors for mineral ores, dispersants for inorganic pigments, 
antistatic agents. fabric softeners. hair conditioners, anticaking agent for 
fertilizers and as bactericides. 
Examples: 
Hexadecyltrimethylammoniwn bromide: CH3 (CH, )1 5 N (CH3 ) ; Br 
Hexadecylpyridinium chloride: CH1(C'If, ),; N+CS HSCl 
(c) Zwitterionic Surf iictunts: Zwitterionic (amphoteric) [10] surfactants 
comprise a long hydrocarbon chain attached to a hydrophilic polar head 
containing both positive and negative charges, which give it the properties of 
zwitterions and thus lead to head group hydrophilicity, an intermediate between 
that of ionic and nonionic surfactants [ I 1 ]. Zwitterionic surfactants have 
excellent dermatological properties as they are less irritating to skin than many 
ionic surfactants [ 12] and have thus useful applications when combined with 
ionic and nonionic surfactants in cosmetics and pharmaceutical industries. In 
zwitterionic surfactants, whereas the positive charge is almost invariably 
ammonium, the source of negative charge may vary, although carboxylate is by 
far the most common. Zwitterionics are often referred to as amphoterics. An 
amphoteric surfactant is one that changes from net cationic via zwitterionics to 
net anionic on going from low to high pit. Neither the acid nor the basic site is 
permanently charged. i.e.. the compound is only zwitterionic over a certain pH 
range. 
Examples: 
3–(Dimethyldodecylammonio)- propane I --sulfonate: 
CH(CIL)„N(CH; ),(C1I,);S03 
N–Dodecyl–N,N—dimethvl betaine: CH;(CH, )„ N' (CH; ), CH,COO 
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(11) Nonionic Surfactants 
The surface active portion bears no apparent ionic charge, but has a 
polar head group (containing hydroxyl groups or polyoxyethylene chains). 
Nonionic surfactants are second to anionics in cleaning applications. An 
important group of nonionic surfactants includes those where the hydrophilic 
portion comprises a chain of ethoxy group and is known as ethoxylates [3J4]. 
Many nonionic surfactants are structurally analogous to anionic and cationic 
surfactants, except that the head group is uncharged. Most prevalent among the 
head groups of nonionics are oligomers of ethylene oxide. 
Alkanol amides such as ethanolamides and diethanolamides. 
alkylamides. amine ethoxylates. amine oxides (at neutral and alkaline pH), and 
polyamines are the primary' nitrogen-based nonionic surfactant types. 
Examples: 
Polyoxyethylene monohexadecyl ether: CH, (CH2 ), s (OCH,CH, ),, OH 
Polyoxyethylene octylphenyl ether: C,4H220(CZ H{O)9  
(111) Bolaform Surfactants 
Bolaform surfactants or bolaamphiphiles (also known as bolaphiles or 
alpha—omega—type surfactants) are amphiphilic molecules which consist of 
two hydrophilic head groups, connected by a long, linear polymethylene chain 
(Fig. 1.2). 
long pot meths lene chain 
Fig. 1.2: Schematic representation of a bolaform surfactant. 
Their self-association ability is less, compared to conventional ionic 
surfactants. However, they show biological activity [15.16] and some special 
bolaforms are capable of giving rise to organized assemblies of peculiar 
structure [ 171. 
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Examples : 
Hexadecanediyl-1,16-bis(trimethylammonium bromide): 
(CH3 )3 N+(Cq)16 N"(CH,)3 2Br 
Potassium hexadecanedioate: -O,C(CH,)„CO, 2K+ 
(1') Polymeric Surfactants 
There has been considerable interest in polymeric surfactants due to 
their wide application as stabilizers for suspensions and emulsions. These are 
formed by association of one or several macromolecular structures exhibiting 
hydrophilic and lipophilic characters. 
Example: Polystyrene-block-poly(vinyl acetate): 
Or 
II 
CH3—(CH2CH2O C 	C ( CH2–CH 
n 	
I 
	 m 
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(V) Sugar-Based Surfactants 
Sugar-based surfactants contain alkylglucoside and alkylmaltoside, 
where a surfactant molecule consisting of a hydrocarbon chain is linked to a 
sugar moiety by an anomeric carbon. Sugar surfactants carry no charge but still 
have relatively rigid head groups. Thus they share features with ionic 
surfactants. These types of surfactants have attracted attention recently [ 18-24] 
due to their environmental compatibility [25] and outstanding physical 
properties such as low surface tension [26] and good electrolytic tolerance [27]. 
Due to favourable environmental profile, they have found applications in 
alimentary and cosmetic industries [28-30]. They are widely used in 
crystallization and solubilisation of membrane proteins [31,32] and are of great 
biochemical and pharmacological importance [33] due to their antibacterial 
Wi 
function [34]. Among different sugar surfactants, octyl-[3-D-glucopyranoside 
is widely used in biomembrane research and reconstitution process of 
biological membranes or mimetic bilayers [35]. 
Example: Octyl-[3-D-glucopyranoside: 
(VI) Gemini (Dimeric) Surfactants 
Over the decade, a new type of surfactant, gemini or dimeric, has been 
the subject of interest to many researchers in the field of surface science. 
Meager [36] coined the term "gemini" for describing dimeric surfactants, that 
is, surfactant molecules containing two hydrophobic groups (sometimes three) 
and two hydrophilic groups in the molecule, connected by a linkage (spacer) 
close to hydrophilic groups [36-39]. The interest in this field was generated 
more due to the report of Rosen [38] which pointed out that these surfactants 
could be more surface active by orders of magnitude than comparable 
conventional surfactants containing a similar single hydrophobic tail and a 
single hydrophilic group. Gemini surfactants of the type m-s-m are generally 
used for most of the research studies, where, in is the carbon number in the 
alkyl chain length and s is the carbon numbers in the spacer chain length. A 
schematic representation of a gemini surfactant is shown in Fig. 1.3. As gemini 
surfactants are said to be unique to the world of surfactants, the length, 
flexibility and chemical nature of the spacer group have been shown to be of 
prime importance in determining the solution properties of aqueous dimeric 
surfactants [39]. The current interest in such surfactants is due to the fact that 
these surfactants possess exceptional surface and bulk properties, including rich 
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variety of micellar structures, better wetting, foaming and solubilizing power, 
unusual viscoelasticity, and low Krafft point. 
These are the properties which are commonly used to evaluate surfactant 
performances. 
hydrophotic 
tails 	spacer 
hydrophilic 
hcadgroups 
Fig. 1.3: Schematic representation of a gemini surfactant. 
The interest in academic circles and among scientists at surfactant-
producing companies is due the following reasons: 
(i) Their CMC is at least one order of magnitude lower than for the 
corresponding single tail-single head surfactants, on a weight percent basis. 
(ii) They are 10-100 times more efficient at reducing the surface tension of 
water and the interfacial tension at an oil/water interface than conventional 
surfactants. 
(iii) They appear to have better solubilizing, wetting, foaming, and lime-soap 
dispersing ability than the conventional surfactants, Some cationic gemini 
surfactants possess interesting biological properties. 
(iv) The aqueous solutions of some gemini surfactants with a short spacer show 
special Theological properties (viscoelasticity, shear-thickening) at relatively 
low concentration. 
(v) Gemini surfactants can be synthesized with an enormous variety of 
structures. In principle, it is possible to connect any two identical or different 
surfactants among the available ones by a spacer group that can be hydrophilic 
or hydrophobic, flexible or rigid, heteroatomic, aromatic, etc. This is only 
limited by the skill of the organic synthetic chemist. Therefore, the structures 
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and properties of gemini surfactants can be more finely tuned for a given 
application than for conventional surfactants. 
Micelle Formation and Critical Micelle Concentration 
Surfactants or amphiphiles, when dissolved in a solvent'water, (because 
of unfavourable interactions) distort the structure of the solvent/water, thereby 
increasing the free energy of the system. When that occurs, the system 
responds in such a fashion as to minimize contact between the 
lyophobic/hydrophobic groups and solventwater. As a result of this distortion, 
some of the surfactant molecules are expelled to the interface/surface of the 
system with their hydrophobic groups oriented predominantly away from the 
solvent water so as to minimize the free energy of the solution. This results in a 
decrease in the surface tension of solvent. However, there is an alternative 
mechanism for the minimization of free energy that comes into play above a 
particular concentration which is specific for the particular surfactant, 
environment and state. This concentration is narrow enough to be called 
critical, at which the surfactant molecules begin to organize by ordering 
themselves in structures wherein their hydrophobic groups face one another 
and their hydrophilic groups face the water and the process is interpretable as 
aggregation of the monomers into clusters called micelles. The word "micelle" 
is a Latin term meaning "small bit" and was coined by J. W. McBain [40] in 
1920 to describe colloidal sized particles of detergents and soaps, and the 
phenomenon of self-association of monomers into micelles was called 
micellization. The driving force behind micellization—the Hydrophobic Effect—
was proposed by G. S. Hartley [411 in 1936. Ile also suggested the roughly 
spherical model for the micelles. a suggestion that gained general favour later. 
The threshold concentration at and above which micelles first appear in 
solution is termed as the critical micelle concentration (CMC), a term proposed 
by Bury and Davies [42] in 1930. The CMC is the single most important 
characteristic of the surfactant, useful inter-alia in consideration of the practical 
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uses of surfactants [7]. Among the properties that have been used in 
determining the CMC are surface tension, optical turbidity, electric 
conductivity, osmotic coefficient, density, sound velocity, diffusion, viscosity, 
refractive index, solublization, ultra centrifugal sedimentation and NMR 
chemical shifts [43]. It is not to be expected that all will be equally convenient 
or even give the same result but are also not so diverse as to invalidate the 
notion of critical micelle concentration. The CMC is determined 
experimentally from the inflection points of any physical property of the 
solution against concentration. The change of physical properties at the CMC 
occurs over a narrow concentration range rather than a precise point and the 
magnitude of this range depends somewhat on the physical property [2,6,44]. 
There is a drastic change in many physicochemical properties above CMC as 
illustrated schematically in Fig. 1.4. 
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Fig. 1.4: Changes in the physicochemical properties of surfactant solution 
around the critical micelle concentration. 
'IJ 
p 
U 
C 
f 
.7 
/Solubilization 
lagnetic resci ince 
urface ten.sicn 
0 
In a micellar solution, there is always a dynamic equilibrium between 
the surfactant monomers. monolayers and micelles (Fig. 1.5). 
IIflII Monolayer 
uN 
Monomers 
<' < C MC 
MiceNes 
(:' > a ,+~ 
Fig.1.5: Surfactant existence in different phases, dependent on surfactant 
concentration. 
Types of Micelles 
Although the exact structure of the micelle is still somewhat 
controversial, just above the CMC it is considered to be roughly globular or 
spherical [45,46]. The radius of the micelle cannot be greater than the 
stretched—out length of the surfactant molecules. 
Micelles formed in polar solvents are called normal micelles and those 
formed in nonpolar solvents are called reverse micelles. Another type is mixed 
micelles which are formed upon mixing of two or more surfactants. All the 
three are briefly discussed below. 
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be 
Fig. 1.6: Schematic presentation of normal (a), reverse (b) and mixed micelles 
(c). In (c), ^ ^^^* and ''''I  indicate different surfactant monomers. 
(a) Normal Micelles 
An ionic normal micelle may contain three regions (Fig. 1.7): (i) A 
liquid-like hydrocarbon core (as the interior part consists of the hydrophobic 
hydrocarbon chains of the surfactant molecules). The radius of this core is 
roughly equal to the length of fully extended hydrocarbon chain (-12-30 A). 
(ii) An aqueous layer surrounding the core of the micelles, called Stern layer. 
The inner part of the electrical double layer is constituted by this layer. It 
contains the regularly charged head groups and 60-90 % of the counterions (the 
bound counterions). The head groups are hydrated by a number of water 
molecules. One or more methylene groups attached to the head group may be 
wet. The core and Stern layer form kinetic micelle. (iii) An outer layer which 
extends in to further aqueous phase. called Gouv-Chapman layer. This layer 
consists of the remaining counterions. The thickness of this layer is determined 
by the effective ionic strength of the solution. 
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Fig. 1.7: A two dimensional schematic representation of regions of spherical 
ionic micelle. The counterions (X), the head groups (•), and the hydrocarbon 
chains ( 	 ) are schematically indicated to denote their relative 
locations but not their number, distribution, or configuration. 
(b) Reverse Micelles 
In a reverse micelle, head groups of surfactant molecules locate inside 
to form a polar core and hydrocarbon tails are directed towards the bulk solvent 
to form the outside shell of the micelle [47-53]. Dipole-dipole [54,55] 
interactions hold the hydrophilic head groups together in the core. The water 
molecules are strongly associated with the head groups of surfactant. The 
aggregation properties of surfactants in nonpolar media are often altered 
markedly by the presence of traces of water or additives. 
In recent years. the field of reverse micelles has witnessed a significant 
growth of interest, partly due to the finding that proteins, other biopolymers, 
and even bacterial cell can be solubilized in the reverse micellar system: in fact. 
this has permitted the extension of area of interest to new domains, i.e., 
biocatalysis and chemical biotechnology. 
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(c) ,Mixed Micelles 
Mixing of two or more surfactants in solution leads to the formation of 
mixed micelles. A mixed micelle is an aggregate of surfactant molecules 
composed of different types of surfactants present in solution. They provide 
better performance characteristics in their applications than those consisting of 
only one type of surfactants [56-60]. The CMC of the mixed micelles, in most 
of the cases, fall between the CMCs of pure components, but sometimes it may 
fall below [ 1,61,62] or raise even above [63-66] this range. 
Generally, mixtures with similar structure show ideal mixing, while 
head group, hydrophobic tails and counterion modifications induce significant 
nonideality. The binary combination of ionic-ionic, ionic-nonionic, and 
nonionic-nonionic surfactant systems including a number of bile salts and 
amphiphilic drugs [67-71] have been studied. The theoretical approaches are 
found to be most successful in describing the micellar behaviour of anionic-
anionic surfactant solutions. A generalized multicomponent nonideal mixed 
micelle model based on the pseudophase separation approach is presented by 
Holland and Rubingh [72]. Surfactant-surfactant interactions in mixed micelles 
and monolayer formation were extensively studied by Rosen [2,73]. 
Factors Affecting the ChM of Surfactants 
Since the properties of solutions of amphiphiles change markedly when 
micelle formation commences, a great deal of work has been done on 
elucidating the various factors that determine the concentration at which 
micelle formation becomes significant (i.e.. CMC), especially in aqueous 
media. 
Among the factors known to affect the CMC markedly in aqueous 
solutions are: (I) structure of amphiphiles. (II) presence of various additives in 
the solution, (III) experimental conditions such as temperature, pressure, pl-I, 
solvent, etc. 
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(I) Structure of Amphiphiles 
In aqueous medium, ionic amphiphiles have much higher CMC's than 
nonionic amphiphiles containing equivalent groups. Zwitterionic amphiphiles 
appear to have slightly smaller CMG's as ionics with the same number of 
carbon atoms in hydrophobic group. CMC is also affected by the position of 
hydrophobic group in hydrocarbon chain. The closer the hydrophilic group to 
the center of the chain, the higher the CMC; due to the two branches of the 
chain partially shielding one another. In aqueous medium, the C_vIC's of ionic 
amphiphiles decrease as the hydrated radius of the counterion decreases. An 
increase in CMC is also observed due to the presence of double bond in the 
chain. 
(II) Presence of Various Additives in the Solution 
(a) Effect of Electrolytes: The presence of various electrolytes in an aqueous 
solution changes the CMC in such a way that the effect becomes more 
pronounced for anionic and cationic than for zwitterionic surfactants and more 
pronounced for zwitterionic surfactants than for nonionics. The effect of the 
concentration of electrolyte on the CMC of ionics is given by the following 
relation 
log CMC =a lug c,+b 
where a and b are constants for a particular ionic group and cl denotes the total 
counterion concentration in mole per dm3 [74]. 
For nonionics and zwitterionics, equation (1.1) does not hold. Instead, 
the effect is given by equation [75] 
log CMC — -k c, — constant (c, < 1) 	 (1.2) 
where k is the constant for a particular surfactant, electrolyte and temperature 
and ci is concentration of electrolyte in mole per dm. 
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The size of counterion is also a determining factor for the CMC value. 
As the size of counterion increases, counterion binding also increases due to 
decrease in hydrated radius of ion, and hence decrease in CMC occurs [76]. 
This is the reason why (C,H, )4 N is more efficient in reducing the CMC than 
(C, H, ), N' ,which is more efficient than (CH, ), N' . 
There have been attempts to examine the salts effect on micelle 
formation in the tight of Hofmcister (lyotropic) series [77,78]. The series plays 
a notable role in a wide range of biological and physicochemical phenomena. 
The change in CMC of nonionics and zwitterionics on the addition of 
electrolyte has been attributed [79,80] mainly to salting-out or salting-in 
(i.e., the effects of ion size and decrease in dielectric constant) of the 
hydrophobic groups in the aqueous solvent by the electrolyte, rather than to 
effect of the latter on the hydrophilic groups of the amphiphile. Electrolytes 
capable of salting-out reduce the CMC of nonionic surfactants while salting-in 
electrolytes increase the CMC. The effect of anion and cation in the electrolyte 
is additive and appear to depend on the radius of the hydrated ion, that is, the 
Iyotropic number; the smaller the radius of the hydrated ion, the greater the 
effect. A very recent study carried out by Moulik and coworkers [81] shows 
that, for a given anionic surfactant, the order of effectiveness in reducing the 
CMC decreases in the order Mg"> Cs'> K'> NH,'> Na' > Li . For a given 
nonionic surfactant, the effect of anions on the CMC follows the order 
F- > CI-> S0; > Br > PO > C1 H 5O(COO);" > I-> SCN and the effect of 
cations follows the order K'> Na'> Rb'> Lr> Ca "> Al" [27] 
(b) Effect of Organic Additives; Urea, formamide, and guanidinium salts are 
believed to increase the CMC of surfactants in aqueous solution, especially 
poly-oxyethylenated nonionics because of the disruption of the water structure 
[82]. This may increase the degree of hydration of the hydrophilic group, and 
since hydration of the hydrophilic group opposes micellization, may cause an 
increase in the CMC. These water structure breakers may also increase the 
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CMC by decreasing the entropy effect accompanying micellization. The 
hydrophobic hydrocarbon chain of the surfactant is believed to create structure 
in the liquid water phase when it is dissolved in it, and its removal from it via 
micellization consequently produces an increase in the entropy of the system 
that favours micellization. The presence of structure breakers in the aqueous 
phase may disrupt the organization of the water produced by the dissolved 
hydrophobic group, thereby decreasing the entropy increase on miccllization. 
Since the entropy increase favouring micellization is decreased, a higher bulk 
concentration of surfactant is needed for micelle formation; i.e., the CMC is 
increased, Dioxane, ethyleneglycol. water soluble esters, and short-chain 
alcohols at high bulk phase concentrations may increase the CMC because they 
decrease the cohesive energy density, or solubility parameter, of the water, 
thus, increasing the solubility of the monomeric form of the surfactant and 
hence the CMC [82]. An alternative explanation for the action of these 
compounds in the case of ionic surfactants is based on the reduction of the 
dielectric constant of the aqueous phase that they produce [83]. This would 
cause increased mutual repulsion of the ionic heads in the tnicelle, thus, 
opposing micellization and increasing the CMC. 
(III) Effect of Experimental Conditions 
(a)Temperature: Temperature increase favours micellization due to decreased 
hydration of the hydrophilic group. However, temperature increase also causes 
disruption of the structured water surrounding the hydrophobic group, an effect 
that disfavours micellization. The relative magnitude of these two opposing 
effects, therefore, determines whether the CMC increases or decreases over a 
particular temperature range. From the data available, the minimum in the 
CMC—temperature curve appears to be around 25 °C for iouics [84] and around 
50 °C for nonionics [85]. For bivalent metal alkyl sulphates, the CMC appears 
to be practically independent of the temperature [86]. 
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(b) Pressure; Many reports have appeared on the effect of pressure on the 
micelle formation of ionic [87-89] and nonionic surfactants. Although an 
increase in pressure up to 1000 atnr increases the CMC, beyond the above 
pressure a decrease in CMC is observed [90-93]. Such behaviour has been 
rationalized in terms of solidification of the micellar interior [90], increased 
dielectric constant of the water [91] and other aspects related to water structure. 
For nonionic surfactants. the CMC value increases monotonously and then 
levels off with increasing pressure. 
(c) Effect of pit: When amphiphile molecules contain ionizable groups such as 
—NH,, —(CH3)2N--O and —COOH, the degree of dissociation of the polar 
group will be dependent on pH [94]. In general, the CMC will be high at pH 
values where the group is charged (low pH for —NH2 and —(C]-I3)2N—*O, high 
pH for '.00H) and low when uncharged. Some zwitterionic surfactants 
become cationic at low pH, a change that can be accompanied by a rapid rise in 
the CMC [95], or a more modest rise [96] depending on the structure and hence 
hydrophilicity of the zwitterionic form. 
(d) Solvent: For micelle formation in polar nonaqueous solvents, the term 
"solvophobic interaction" has been coined, in analogy with "hydrophobic 
interactions" which causes micellization in aqueous medium [97]. 
Counterion Bindine Constant 
For an ionic surfactant, micelle formation is associated with two types of 
opposing forces: (i) removal of hydrocarbon chain from the bulk phase to 
micellar phase which favours the aggregation and, (ii) electrostatic repulsion 
between the identically charged head groups, which disfavours the process of 
aggregation. Counterions bound to the micellar interface can cause a screening 
effect to the second type of force of interaction [98]. Therefore, counterion 
binding is considered as an important parameter in the process of micellization 
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[991. Shapes of ionic micelles appear to have an influence on the value of 
counterion binding. Due to the presence of effective dielectric charge on the 
ionic micelles, an electric potential is developed at the surface of such micelles. 
The surface potential value controls different processes that take place near the 
micelle-solution interface. Value of counterion binding constant also gives an 
idea about the fraction of counterion dissociated in the micellar solution. 
Aggregation Number 
Micelle aggregation number. which is the number of monomers making 
up the micelle, is a fundamental parameter concerning the micelle. It gives an 
idea about the size of the micelle and is vital in determining the stability and 
practical applications of the investigated systems [2,100]. It depends on 
different factors such as concentration of surfactant [101-104], temperature 
[100,105-107], concentration of added electrolyte [103,108-114], organic 
additives [115-117], etc. Various experimental techniques like dynamic light 
scattering (DLS), small-angle neutron scattering (SANS), steady-state 
fluorescence quenching (SSFQ), and time-resolved fluorescence quenching 
(TRFQ), etc. may be used for the determination of aggregation number 
[101-103,118-127]. 
In a micellar solution, all micelles may not have the same aggregation 
and polydispersity exists [128]. However, for the sake of simplicity such 
polydispersity is generally ignored for calculation purposes and only 
monodispersed micelles with single aggregation number are taken into account. 
Molecular Shape 
The extent of interaction between water and amphiphilic molecules can 
he expressed by molecular shape and it is mainly determined by a balance 
between hydrophobic interactions of the hydrocarbon tails, electrostatic 
repulsion and hydration of head group [76]. The shape of micelle produced in 
aqueous media determines various amphiphilic solution properties such as, 
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viscosity, solubilization, and cloud point. Amphiplriles, which form spherical 
micelle in water, have a conical shape in this aggregate type. Cylindrically 
formed molecules have a polar region that is equal to nonpolar, whereas 
wedge—shaped molecules have a large non-polar region thus forming, for 
example, reversed micelles. Substances with one hydrocarbon chain often 
belong to the conical group whereas substances with two chains or one chain 
with unsaturations, giving kinks, belong to cylinders and wedges. 
lsraelachvili, Mitchell, and Ninham [129,130] developed a theory of 
micellar structure, which is based upon the geometry of various miccllar shapes 
and space occupied by the hydrophilic and hydrophobic groups of the 
amphiphile molecules. The volume VII occupied by the hydrophobic groups in 
the micellar core, the length of hydrophobic group in the core h, and the cross-
sectional area ao occupied by the hydrophilic group at the micelle-solution 
interface are used to calculate a packing parameter (R4), which determines the 
shape of micelle, as 
R p = Vi  /a0 I, 
The optimal cross-sectional area per amphiphile molecule is observed 
experimentally by X-ray diffraction of bilayer systems while the volume and 
length of hydrocarbon tail may be calculated by Tanford [ 131] equations: 
Vrr = (27.4 + 26.9 n) A' 	 (1.4) 
h=(1.5+1.26n)A 	 (1.5) 
(n is the number of carbon atoms in the hydrocarbon chain). 
Spherical micelles are formed when RP is lower than 1/3; worm-like 
micelles are formed when R, has a value in between 1/3 to 1/2; vesicles or 
bilayers are formed when 1/2 < RP < I. When the volume of the hydrocarbon 
part is large relative to the head group area (RP > 1), reverse micelles are 
formed (Table 1.1). However, it is to be noted that the solution parameters such 
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as concentration, pH, temperature and solvent polarity may heavily modify the 
specific structures formed. 
Table 1.1: Aggregate structures with their corresponding packing parameters. 
Effective shape of the 	Packing parameter 	Type of aggregation 
surfactant molecule (p) • <1/3  
cone 	 spherical micelles 
13-1 /2 
truncated cone 
 
• 
worm-like micelles 
 
1/2-1 
  
bilayers 
cylinder 
>1  
inverted cone 	 reverse micelles 
Effect of Additives on Structural Transitions 
Amphiphilic molecules self-assemble in aqueous solution into a variety 
of structures such as, e.g., spherical or cylindrical micelles, vesicles, etc.. 
depending on the molecular design and on the conditions under which 
aggregates are formed [ 132]. Single-tail surfactants usually form spherical 
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micelles in aqueous solution above their critical micellar concentration (CMC) 
[133], which eventually grow to other shapes with an increase in surfactant 
concentration, The growth of spherical micelles to cylinders can also be 
achieved by the addition of co-surfactants [134,135], of inorganic salts 
[136,137], or of strongly binding organic salts [138,139]. Other ways towards 
micellar growth consist in using special surfactant structures, e.g., dimcric 
surfactants with a very short spacer group (namely an ethylene group linking 
covalently the head groups) [140], hetero-gemini surfactants [141], or mixtures 
of cationic and anionic surfactants [142-145]. The growth of micelles can be 
explained in terms of change in the surfactant packing parameter [146] due to 
decreased electrostatic repulsions and/or increased hydrophobic interactions, 
which results in a reduction of the spontaneous curvature of the surfactant 
assemblies. 
The properties of micellar solutions such as CMC, aggregation number, 
micelle size and shape, etc., depend on the balance between "hydrophobic" and 
"hydrophilic" interactions [107,121]. For ionic surfactants this balance can be 
modified in several ways, e.g., salt addition, counterion complexation, addition 
of alcohols or other substances (that can be solubilized into the micelle), 
change of the solvent, or change of the "structure" of the solvent itself. 
Amphiphilic substances are capable of forming supramolecular systems 1147], 
from thermotropic-lyotropic liquid crystals and manifold micellar systems upto 
the highly ordered membranes in liposomes and cells. At low surfactant 
concentrations they assume rod or disk like shapes [148]. Micelles transform to 
Iyotropic liquid crystalline structures [149] at very high surfactant 
concentrations. The sphere-to-rod transition is important from both a 
theoretical and a practical point of view. Theoretically, because (i) it implies a 
micellar growth which seems to be related to the classical Derjaguin-Landau-
Vewey-Overbeek theory- (DLVO theory); (ii) the more structuralized rod 
micelles, as compared to spherical micelles, can be related more closely to the 
formation of biological structures (membranes, for example); (iii) if the sphere- 
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to-rod transition can be predicted from theoretical models it would promote a 
better understanding of micellar and related organized structures. 
From a practical point of view, the presence of rod shaped micelles 
gives solution a very high viscosity, which might be of importance in industrial 
formulations of surfactant solutions. 
(a) Effect of Salts 
Generally, in the absence of salts at moderate concentrations, the 
surfactants (pure and mixed) aggregate exist in the form of spherical micelles 
in aqueous solutions. In the presence of salts, with its increasing concentration, 
the spherical aggregates tend to transform into nonspherical ones (viz., rod, 
branched or worm-like micelles). Among various factors acting on salt 
addition, the formation and growth of micelles are mainly favoured by the 
screening of electrostatic repulsion among the polar head groups and 
movement of the hydrophobic alkyl chains away from the aqueous 
environment. This is evidenced by a decrease in CMC and an increase of the 
micelle aggregation number [ 110,150]. Addition of salt to a surfactant often 
gives rise to a salting-out phenomenon, which is the result of the movement of 
water molecules (which are not playing the role of a solvent) from coordination 
shells of surfactant molecules to those of salts. The effect of inorganic salts on 
ionic surfactant solutions have been discussed in terms of electrostatic 
interactions. changes in the water structure, ionic hydratability, etc. [151].  Rod-
like micelles are produced with cationic surfactants in presence of inorganic 
salts [ 152]. 
When salt is added to aqueous ionic surfactant solution rod-like micelles 
are formed [110.153-155] as its concentration reaches a threshold value, 
because the presence of salt ions near the polar heads of surfactant molecules 
decreases the repulsion force between the head groups. Due to this reduction in 
the repulsion. the surfactant molecules approach each other more closely, and 
as a result larger aggregates are lormed which require much more space for 
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hydrophobic chains. As the spherical micelle has a small volume, it must 
change into the rod-like micelle to increase the volume/surface ratio. In the 
transition from sphere to rod, micelles change their aggregation number 
dramatically and grow linearly, keeping their radii constant. 
Inorganic salts are used as thickening agents for concentrated surfactant 
solutions. The effects of inorganic salts on ionic surfactant solutions have been 
discussed in terms of electrostatic interactions, changes in the structure of 
water, ionic hydratability, etc. [107,151,156,157]. Two main factors are 
responsible for structural transition in presence of salts are—(a) electrostatic 
effect of simple salts due to the counterion binding on ionic micelles, (b) 
hydrophobic interaction between surfactant molecules or ions caused by the 
change in the hydrogen-bonded structure of water. 
Micellar sphere to rod transition is highly dependent upon the nature of 
counterions. `Counterions' are bound primarily by the strong electrical field 
created by the head groups but also by a specific interaction that depends upon 
head groups and counterion type. The micellar transition is promoted by strong 
counterion binding, which can be shown by high increase in the relative 
viscosities [158-165]. There has been numerous studies of dilute and 
moderately concentrated aqueous cationic surfactant solutions [154;156-179], 
with aqueous salt solutions using different techniques such as light scattering 
[169,170,176] flow birefringence [175,177], viscosity [169], solubilization 
[172,174], 'II NMR [171], SANS [173,179], electron microscopy [178], etc. 
Ikeda et al. [162] measured light scattering from aqueous solutions of 
SDS in the presence of 0.8 1VI NaX (X = F, CI- , BC, F, or SCN-) at 35 °C 
and found that the molecular weight of the rod like micelles depends on the co-
ion species of added salt and changes in the order of the lyotropic series of 
halide ion except for SCN ion: NaSCN < NaF < NaCI < Na13r < Nal. The 
difference in the micelle size caused by the effect of co-ion species on 
hydrophobic interaction in the micelle formation or the extent of destruction of 
the hydrogen—bonded structure of water. They [152,153] showed that for 
sodium dodeeyl sulfonate (SDS) and for a series of cationic surfactants in NaCl 
23 
solutions a sharp break in the apparent micelle molecular weight is observed 
when the NaCI concentration reaches a value of 0.45 M and the breakpoint 
correspond to the sphere-to-rod transition. 
Symmetrical quaternary anunouiunt ions (R4N`) are essentially less 
hydrated and, therefore, binding with the micelle will be favourable. On the 
other hand, R4N' has a low charge density and may also try to intercalate 
between head groups of anionic micelles. This will decrease the electrostatic 
interactions in addition to increased hydrophobic interactions. All these factors 
contribute towards micellar growth [180]. 
Several reports indicate that change from Lip to Cs' induces micellar 
growth, which is related to hydration of specific counterion [181]. The 
formation of rod like inicelles can be strongly enhanced in anionic surfactant 
solutions in presence of multivalent counterions (Ca"", A13 ) [182,t83], Al'-  
can bind together three surfactant head groups at the micelle surface, thus 
causing a decrease of the area per head group [182]. This induces a transition 
from spherical to cylindrical micelles. 
Usually, spherical inicelles are formed in combination with halide 
counterions, whereas aromatic counterions often induce the fonnation of rod-
like micelles at relatively low surfactant and counterion concentrations [184]. 
The organic counterions have strong tendency to affect the organized 
assemblies as compared to the inorganic counterions, as, besides the 
electrostatic interaction, they have additional hydrophobic interaction 
[185,186] (which also plays a role in promoting aggregate morphology). 
Organic counterions, having central benzene ring, penetrate into micelles by 
inducing strong hydrophobic interaction and hence reducing electrostatic 
repulsion between the hydrophilic head groups, which give rise to tight packing 
and possible reduced curvature of surfactant aggregates. They are capable of 
producing strong viscoelasticity in the conventional cationic surfactants 
[187-189], which confirms the formation of rod- and worm-like micelles in 
ionic surfactants with organic counterions [185,186]. Also, the position of 
substituent group present on the benzene ring of organic salt determines the 
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extent of hydrophobic interaction between organic counterions and surfactant 
aggregates [185,190]. The transition of different aggregate morphologies by 
addition of salts may be applied in bio-engineering, surface chemistry, and 
natural sciences. 
Anions such as salicylate are known to promote very efficiently the 
growth of cationic micelles. Solutions of worm-like micelles so formed have 
interesting Theological properties [191-193] and the theories of the structure 
and dynamics of these complex systems have been well developed 1194,! 95]. 
Worn-like micelle containing systems [196] are discussed intensely as drag 
reducing agents (DRA) in recirculation systems [197-199] and in fracturing 
fluids in oil production [196.200]. 
Different organic salts, also often called hydrotropes, are commonly 
short amphiphilic molecules (often with a bulky "hydrophobic" part) that, 
without forming micelles at high concentrations, enhance the solubility of a 
variety of hydrophobic compounds in water [201]. Many salts with 
hydrophobic counterions, such as sodium salicylate (NaSal), sodium henzoate 
(NaBenz) and sodium tosylate (NaTos), are particularly effective in inducing 
micellar growth even at low concentrations. Variations occur in the rheological 
properties with increasing salt content complex [189,202,203]. The classic 
examples are solutions of C1AB and NaSal [204], for which the zero-shear 
viscosity (q0) goes through a maximum at low NaSal concentrtions. then a 
minimum, and subsequently a second maximum around IM NaSal. NMR 
studies on the cetyltrimethylammonium salicylate system reveal that the 'H 
lines for the N+ (CH;) group are shifted to higher fields, and the signals are 
broadened [ 184,204-206]. The salicylate anion orientates in such a way that the 
negatively charged site (COO- group) stands perpendicular to the micellar 
surface [206]. 
Some surfactant molecules in aqueous solution are spontaneously 
transformed from micelles into a lamellar array in the presence of high salt 
concentration. This morphological change is facilitated by an increase in 
counterion binding and dehydration of the surfactant head groups and bound 
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counterions. This salt-induced lamellar arrangement of surfactant molecules is 
commercially utilized in liquid laundry detergents. 
(b) Effect of Organic Additives 
Both dynamic and structural properties of micellar solutions can be 
altered by the addition of third component in the solution. This last substance 
can act through two different mechanisms: by interactions with the surfactant 
molecules or by changing the solvent nature. The effect of organic additives on 
the micellar size and shape has been explained in terms of their effects on water 
structure and on their role inside the micelle. Aqueous micellar solutions are 
known to solubilize water insoluble or slightly soluble organic compounds. 
Surfactant solutions have a general tendency to solubilize a certain 
amount of hydrocarbons. Micelles are well known for presenting structural 
aspects consisting of a non-polar i uter core and a polar outer surface. This 
structure allows micellar aggregates to enhance the solubility of hydrophobic 
materials and to modify environmental features. Systems with rod-like micelles 
can actually solubilize rather large amount of hydrocarbons [207]. 
The environment of solubilization of different compounds in or around 
micellar systems can be correlated with the structural organization of micellar 
aggregates and their mutual interactions [208-21 L]. Interfacial partioning of 
organic additives causes micellar growth while interior solubilization produces 
swollen micelles [212,213]. These two types of micelles impart different 
viscosity behaviour to nucellar solutions. The interior (core) solubilization of 
organics provides swelling to the already grown micelle and releases the 
requirement of the surfactant chain to reach the centre of the core [11. These 
factors may increase the smaller dimension of such anisotropic micelles with a 
resultant decrease in axial ratio (more spherical). This increased spherecity will 
cause micelles to flow easily with an eventual drop in viscosity. The term 
electrostatic repulsion originating from intermicellar and intramicellar 
Coulombic interactions favours micelles with a higher surface area per head 
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group. On the other hand, hydrophobic interaction between the hydrocarbon 
part of the micelles/monomers tries to achieve aggregates with closely packed 
monomer chains. 
Mukerjee [I] had proposed that an additive which is surface active to a 
hydrocarbon-water interface is mainly solubilized at the micellar surface and 
promotes micellar growth. The greater partioning of the additive to the core 
was shown to retard micellar growth by virtue of relaxing the requirement of 
the monomer tails to reach the centre of the aggregates which maintain the 
micellar shape with higher surface area that is spherical micelles. There has 
been considerable discussion about the location of aromatic solutes such as 
benzene and toluene in ionic surfactant micelles. Benzene solubilizes mainly in 
the surface region of the micelles [214], or primarily within the micellar 
interior [215,216], or in both states [217]. However, extensive and precise 
solubilization studies do not indicate a strong preference of these compounds in 
either the head group region or the interior [218,219]. The aromatic 
hydrocarbons scent to be intermediate between highly polar solutes, clearly 
embedded in the head group region, and aliphatic hydrocarbons, which usually 
solubilize in the micellar interior [I], 
It is suggested that the lower chain length alcohols show marginal effect 
on viscosity changes in comparison to higher chain length alcohols [220]; 
hence the change in >7, values shows the dependence on the alkyl chain length 
of alcohols. It is considered that the short chain alcohols are localized mainly in 
the aqueous phase, which therefore changes the micellar structure by altering 
the organization of solvent molecules. Medium chain length alcohols are 
distributed between the two phases (i.e., micelle and bulk water) and long chain 
length alcohols are localized in the micellar phase [221,222]. 
n-Alkylainines (C4-C1e) have been earlier found to be solubilized in 
ionic micelles by electrostatic and hydrophobic effects with —RNH2 group left 
on the micellar surface [223]. Their partial dissociation into —RNH3' and —OH 
may influence electrostatic interactions with cationic gemini head groups. As a 
result, the partitioning content of —RNH, content at the head group region is 
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decreased. Thus, the decrease in effective —RNH2 content at the micellar 
surface hinders the micellar growth, which is indeed reflected by the lower 1, 
values in presence of amines as compared to alcohols. Therefore, anuses are 
found to be more surface active in comparison to alcohols, at the air-water 
interface [224]. 
Wormuth and Kaler [225] ranked three classes of additives on the basis 
of their hydrophilicity. Primary amines were found more hydrophilic than 
either alcohols or carboxylic acids. But, when coupled with anionic surfactant, 
the hydrophilicity of amine was lower than expected. Lindemuth and Bertrand 
[226] observed that on comparison, amines have been found to be more 
effective in SDS than in TTAB. This is due to the interaction between the 
amines and the anionic surfactant head groups at the micellar interface. In 
addition to this, amine head group has the ability to reside deeper in the SDS 
micelle, which relieves the requirement of the tails of the surfactant to reach the 
centre of the micelle at a shorter alkyl chain length of additive. On interaction 
of cationic surfactants with carboxylic acids similar effects were seen. Thus, a 
co-surfactant with the ability to bear an opposite charge to that of the surfactant 
head group is more effective at promoting sphere—to—rod transition and has the 
ability to better penetrate the surfactant rich film, separating the micellar and 
aqueous pseudophases [227]. 
The micellar tails must he reachable to the centre of the micelle to 
maintain a spherical form. On addition, an aliphatic hydrocarbon generally 
resides in the micellar core. Now the association structure can maintain 
spherical form containing solubilized oil at a radius which was previously 
prohibitive. In this way the presence of aliphatic hydrocarbons retard the 
structural transition. On the other hand, the presence of aromatic hydrocarbons 
stimulate rod growth in case of cationic surfactants, which may rise from the 
interaction of the delocalized p-electron cloud of the benzene ring with the 
positive charges of the surfactant head groups; a behaviour very similar to that 
of a co-surfactant or counterion. The resulting reduction of head group 
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repulsion favours transition to rods by shrinking the surface area occupied per 
amphiphile. thus increasing the aggregation number. 
Kandori et at [2281 studied the effect of phenol and benzene additives 
on micellar structures in aqueous solutions of dodecyltrimethylammonium 
bromide by additive solubilization, tracer diffusion coefficients, electrical 
conductivity, viscosity, and ultraviolet absorbance. The solubilization of phenol 
and benzene in the system causes the micelle to swell and it was observed that 
phenol addition leads to a greater increase in the size of aggregates than 
addition of benzene, Ultraviolet absorbance measurements revealed that the site 
of solubilization within the micelles is different for two additives. Benzene 
solubilizes in the central core, while at low concentrations phenol is taken up in 
the outer palisade layer. 
(c) Synergism in Presence of Salts + Organic Additives 
Due to their importance and complicated aggregation behaviour 
[1,110,153-155,181-183,201-213,215-220,229-235] a wide attention has been 
given to the studies of size and structure of nricelles. For most aqueous ionic 
surfactant solutions just above the CMC, the micelles are regarded as spherical 
in shape. The micellar structure can be influenced by the addition of neutral 
additives (e.g., alcohols and amines etc.). This effect is dependent on the types 
of surfactants used, their concentration, the salt content, and the additives. 
Incremental calorimetric technique was used by Nguyen and Bertrand 
[236] to study the effect of low concentrations of alcohols on solutions of SDS 
with added electrolytes at 25 °C. These measurements reveal a discontinuity in 
the slope of partial molar enthalpy of solution versus concentration of alcohol 
curves. The authors assert that this break corresponds to the micellar 
sphere-to-rod transition. 
Stephany et al. [237] studied the same system with varying 
concentration of the electrolyte (NaCl). They varied the concentration of 
1 -pentanol too for each NaCI concentration. Their data show characteristics of 
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a continuous sphere-to-rod transition. From static and quasielastic light 
scattering methods they concluded that the micelles could be modelled as 
flexible worm-like objects. 
The effect of addition of n-alcohols on the viscosity of CTAB was 
studied by capillary viscometry method. 1'rasad and Singh [238] found that the 
lower alcohols (C2-C1OH) decreased the viscosity of CTAB solution in 
presence of 0.1 M KBr right from the beginning, while C4, CS and COH in low 
concentration were found to increase the viscosities. Depending on the nature 
of alcohol, thither addition made the solution either turbid or lowered the 
viscosity of the solution. The result was interperated in terms of the possible 
micellar transition from rod to sphere or elongated rods in presence of added 
alcohols. It is known that rod-shaped micelles are formed in aqueous solutions 
of 0.1 M CTAB-'-0.1 M KBr [239]. The effects of added aliphatic n-amines 
(Cs, C5, C6. C7 and CRNH,) and temperature on the above system shows that 
transition of rod-shaped micelles to larger aggregates is induced by addition of 
higher amines (>C6NH,) and that too upto a certain concentration only: a 
further increase in concentration produced the opposite effect. Addition of 
C4NH, amine was reported to induct only a rod-to-sphere transition. 
Kumar et al. [212] interpreted the data in terms of solubilization/incorporation 
(decrease of micellar surface charge density) of amines inside in the micelles 
and nature of the effective solvent (water amine). The latter effect dominated 
the change from larger aggregates to smaller micelles at higher concentrations 
of the added amine. Kabir-ud-Din and coworkers [220.240-252] reportcd the 
effect of additives (organic/inorganic compounds, non-electrolytes, surfactants, 
etc.) using a variety of experimental techniques, which yielded important 
results of the physicochemical propertics of different gemini surfactant 
solutions. 
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Mixed Micellization 
The formation of micelles from more than one chemical species gives 
rise to what is known as mixed micelles. Micelles may he formed from the 
compounds which are either heterodisperse or polydisperse, and Gibbons [253] 
had identified important difference between the two types of compounds. 
Nemethy and Ray [2541 have taken advantage of this important property of 
polydisperse compounds in a thermodynamic study of micelle formation by 
nonionic surfactants in ethylene glycol-water mixtures. Another class of mixed 
micelles results when low molecular weight molecules are solubilized by 
micelles formed from surfactants containing a relatively larger nonpolar side 
chain. The solubilized substance, also called a penetrating additive [255], may 
be located in the hydrocarbon core [256] or hydrophilic mantle [257]. Several 
studies have been concerned with this aspect of micelle formation [258]. The 
surface properties of ionic micelles have been shown to be altered by mixed 
micelle formation. Tokiwa and Ohki [259] have shown that the addition of an 
anionic surfactant increases the apparent dissociation constant of micelles of a 
cationic-nonionic surfactant, and the addition of a cationic surfactant produces 
the opposite effect. The degree of counterion binding by mixed micelles 
formed from anionic and nonionic surfactants was found to decrease as the 
proportion of the nonionic component increased. It was also found to depend 
upon the length of the nonionic polyoxyethylene head group [260]. These 
observations can he understood in terms of an altered charge density at the 
micelle surface as a result of mixed micelle formation, and possible interaction 
between the anionic and nonionic head groups. The latter has been 
demonstrated by NMR studies [261,262] in which the aromatic portion of the 
anionic surfactant shifts the proton resonance signal of the polyoxvethylene 
group upficld. 
From application point of view, mixed micelles are often used in 
technical, pharmaceutical, and biological fields, since they work better than 
pure micelles [263,264]. They have importance in industrial preparation, 
pharmaceutical and medicinal formulations, enhanced oil recovery process, and 
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so forth, by way of efficient solubilization, suspension, dispersion, and 
transportation influenced by temperature, pressure, pH, nature of solvent and 
additives, etc. [56]. 
Theories of Mixed Niieellization 
Many theoretical models have been put forward for dealing with the 
mixed binary systems to evaluate the composition and interaction parameter 
among the components at the air/water interface and in the micellar phase. The 
first model, given by Lange [265] and used by Clint [266,267], is a phase 
separation model which relates the mole fraction and the critical micellar 
concentration of the i'h components (i = 1,2) in an ideal mixture, which is 
successfully applicable to systems of mixed surfactants of similar structure, but 
hardly applicable to combinations with dissimilar structures. Rubingh's model 
is the First model developed for nonideal [nixed systems [72]. It is based on a 
regular solution approach for the treatment of nonideal mixing, and due to its 
simp]icity, it has been mostly used, even after the development of more 
complex models. Although Rubingh's treatment found to be reasonably 
satisfactory in many cases, the theory was criticized on thermodynamic 
grounds. Gu and Rosen [268] have extended the nonideal solution treatment of 
Rubingh for mixed micelle formation by binary surfactant systems to estimate, 
from surface tension data. the surfactant molecular interactions and also the 
composition in the adsorbed mixed monolaycr at aidwater interface. Motomura 
et al. [269J developed a model that is an attempt to overcome the limitations of 
the Rubingh's model and improve the predictions of the phase separation 
model. Basically, it is a thermodynamic method which considers the micelles 
as a macroscopic bulk phase, the thermodynamic quantities associated with the 
mixed micelle formation process being expressed as a function of the excess 
thermodynamic quantities. More recently, Rodenas et al. [59] used a simple 
theoretical treatment, based on Lange's model that utilizes the Gibbs-Dultem 
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equation to relate the activity coefficients of the surfactants in the mixed 
micelles. 
Based on the CMC, the chemical structures of the hydrophobic and 
hydrophilic moieties of the individual components, surfactant concentration in 
solution, and other solution conditions such as temperature, concentration, salt 
effect, etc., a molecular thermodynamic model applicable to the binary 
mixtures of nonideal surfactant solutions has been predicted by Blankschtein et 
al. [270,271]. Strictly. this theory is applicable to mixed micellar systems when 
at least one component is ionic. This theory helps us to find out the CMC of the 
binary mixture, size, and shape of the micelle and the phase behaviour of the 
solution. The Maeda [272] model is applicable to ionic/nonionic mixed systems 
with moderately high ionic strength where the short range electric interaction is 
no longer negligible. Therein lies a difference of this model from the RST 
where only long-range electric interaction plays an important role in the mixed 
system. The model assumes that the decrease in repulsion among the ionic head 
groups in an ionic/nonionic mixed micelle is due to the presence of nonionic 
surfactant molecules in the micellar phase. 
The Scope and Objectives of the Present Thesis 
The search for novel surfactants with greater efficiency and 
effectiveness has led to the concept of getnini or dimeric surfactants. Their 
advanced properties over comparable conventional surfactants make them 
highly cost-effective as well as environmentally desirable. Owing to their 
unique structure; they have much lower critical micelle concentrations, better 
wetting, foaming, solubilizing abilities, and unusual aggregation morphologies 
[2,273-276]. As the stereochemistry of the spacer and the alkyl chain length of 
gemini surfactants play a significant role in understanding the micellization 
phenomenon [274-278], surfactants of the type n-s-m are generally used for 
most of the research studies. 
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Various environmental tactors. such as change in surfactant 
concentration, additives (salts. polar nonpolar compounds). temperature. pH. 
etc.. affect the aggregation behaviour of surfactants. The effect of additives 
(salts and organics) on surfactant solutions is vital to many applications for 
detergency and emulsification because of the enhanced performance of the 
mixtures due to synergism. 
In view of the above, the present studies have been conducted on the 
micellization behaviour and micellar growth of cationic gemini surfactants with 
different alkyl chain length and spacer in presence of additives (salts, 
alcohols`anlities and sugar-based surfactant). This thesis contains the following 
six chapters. 
Chapter-I. General Introduction. 
Chapter-Il. Experimental. 
Chapter-III. Micellization and Interfacial Properties of Dicationic Gemini 
Surfactants (10-2-10. 12-2-12 and 14-2-14) in the Presence of Various 
Inorganic and Organic Salts: Tensionletric and Conductometric Studies. 
Chapter-IJ. Micellar Growth of Dicationic Gemini Surfactants (10-2-10, 
12-2-12 and 14-2-14) with Higher Chain Length Alcohols.'Amines (C6-Cs ) in 
the Absence and Presence of Organic Salts: Visconletric Studies 
Chapter-V. 	Micellization and Aggregation Behaviour of a Series of 
Dicationic Gemini Surfactants (10-2-10. 12-2-12, 14-2-14, 14-4-14, 14-5-14, 
14-6-14, 16-4-16, 16- 5-16 and 16-6-16) on their Interaction with a 
Biodegradable Sugar-Based Surfactant (Octyl-fi-D-glucopyranoside): 
Tenslonletric and V iscometric Studies. 
Chapter-I'1. Conclusions. 
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Chapter II 
E~perimerzwr 
Materials 
The chemicals used throughout the study were of analytical reagent 
grade and are listed in Table 2.1, including their abbreviated names, chemical 
formulas/structures, sources, and purities. All additives (amines, alcohols and 
salts) and the surfactants were used as received. 
Synthesis of Bis(Ouaternary Ammonium) Surfactants 
There are two main factors which are important in their preparation: one 
is synthesis and the other is purification. The bis(quaternary ammonium) 
surfactants were synthesized by adopting the following Schemes 2.1 and 2.2. 
The symmetric dicationic gemini surfactants 10-2-10 12-2-12 and 
14-2-14 were synthesized by the method proposed by Zana [l] but with slight 
modification [2] (Scheme 2.1). A mixture of N. N, N, N-
tetramethylethylenediamine (20 mM, 2.4 gm) with a corresponding alkyl 
bromide (42 mM, 10.5 gm) in dry propanol was refluxed (at 80 °C) with 
continuous stirring for 48 h. Progress of the reaction was monitored using TLC 
technique. After completion of the reaction, the solvent was evaporated and the 
residue was recrystallized with mixtures of acetone and ethanol three times. 
The resulting white product was dried in vacuum oven for three days until 
constant weight was attained. The yields were almost quantitative, 90-97%. 
HC 	CH; 
2 CmH2m+~ Br + 	N C1l2 2 N 
H1C 	 CH3 _  
Retlux, 1 48 h, 
dry propanol so °C 
CH3 	CH3 
H2m+ICu N 	CH2 2 N 	C..H2m+1, 2I3r 
CH3 	CH,, 
(m = 10, 12, 14;s-2) 
Scheme 21; Protocol for the synthesis of ni-2-ni geminis. 
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The gemini surfactants 14-4-14. 14-5- 14, 14-6-14, 16-4-16, 16-5-1 6 and 
16-6-16 were synthesized by the method proposed by Lana [ l ] (Scheme 2.2). A 
1:2.1 equivalent mixture of corresponding u. (o-dihromoalkane with A. .V-
dimethylalkylar ine in dry ethanol was retluxed (at 80 °C) for 48 h. The 
progress of reaction was monitored using TLC technique. At the end, the 
solvent was removed under vacuum from reaction mixture and the solid thus 
obtained was recrystallized several times from hexane ethyl acetate mixtures to 
obtain the compound in pure form. The overall yield of the surfactants ranged 
from 70-90%. 
Reflux. dry ethanol 
Br (CH2}sBr + 22 C-: 2rr*t —N(CH3)2 
48h, 80 ',C 
C'rrP?r +i(CFI );N + — (CH2);-- N+(CH3)2CrrH2rr&1 
Br 	Br 
(n1= 14, 16:s=4,5.6) 
Scheme 2.2: Protocol for the synthesis of ni-s-m oerninis. 
The purity of the gemini surfactants is critical as the surface activity can 
be changed in the presence of traces of impurities. Therefore, after 
recrystallizations, all the nine surfactants were characterized by 'H NMR 
analysis. All the values obtained were satisfying, which indicated that the 
surfactants were well purified. Spectral data for the gemini surfactants 1-9 
indicated a. h, c;, d. etc. are given in Figs. 2.1-2.9. 
For proper understanding of 1 H NNMR spectral shifts and the various 
reasons contributing to spectral shifts, characterization of 10-2-10 is discussed 
in detail which can act as prototype of all geminis, since there are changes only 
in spacer and tail length in rest of the gemini urt'actaots. 
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(1) 	1,2- Bis(iV- decyl-N. N-dimethvlammonium)ethane dibromide 
(10-2-10)  
a 
b-,c 	d 	e 	° CH,, 	? 	= 	- _ 
~ a 
HJ—(H c)6 He—H{—H. I Brf ` / 
N— CH; 4 INCH , 
hI 
CH:f 
;,CH3 
NB( 
H;C—(H:C)b H:CC—H j—H_~ " / 
a 	b+c 	e 	CH 3 
I 	 I. 
-- JL 	i A ~ it 
S 	4 	3 	2 	1 pp. 
_;; 	is 1•, ::: 11 -11 
Fib. 2.1: 1 H NMR spectrum of I0-2-10 in CDCI;. 
1 H NMR (300 MHz. CDC1) (10-2-10): 	= 0.861-0.9OIppm (t. 6H1, 
alkyl chain 2x1 CII i). 1.262-1.379 (hr m. 24 H`"`, alkyl chain 2x6 CH,), 1.813 
(m. 4H i`. alkyl chain 2x I C'1-I-,), 2.215 (s. 4H`, alkyl chain 2x l CH-,), 3.492 (s, 
12H1. 2x2 N'C113 ). 3.666 (t, 4H`, alkyl chain 2x1 CHIN`). 4.645 (t, 4H h1, spacer 
chain 2x I CII_N~). 
Il . H, Fid and 1I` resonate at lower c> values, the reason may he 
attributed to higher shielding experienced by core group protons, due to this 
shielding, effect the concerned protons will experience less applied magnetic 
50 
effects. hence magnetic resonance signal is observed at lower side of O scale. 
Inverse is true for the pr(1tons which are located near to the head groups. i.e.. 
tl r. 11-. and H}1 protons. The reason may he ascribed to the higher deshielding 
caused by the positive charge located at nitrogen of head group. This positively 
charged nitrogen pulls the electrons Of near head group protons towards itself, 
which creates the local magnetic effects in a direction similar to the applied 
magnetic influence, hence the 'H NMR signals of near head group protons are 
observed at higher side of 6 scale. 
For 10- 2- 10. since the total integral value was found to be 38.44. H" 
3.608 was assigned to contain 6 protons. 16.821 1-1 	contains 24 protons, 
2.369 1-1d contains 4 protons. 4.026 11` contains 4 protons, 7.005 H' contains 12 
protons. 2.353 H` contains 4 protons. and 2.266 Hh contains 4 protons. 
Similarly, for other concerned genllnis. 'H NMR characterization is as 
under: 
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(2) 	1,2- Bis N- (lodecyl-.\, N-climcthvlamnmonnium)ethane ciihromide 
(12-2-12) 
f 
a b-fc 	d 	e g CH3 
4Br f 
N- CH 3 
:f 
CH3 
}'~/Br 
H3C—(H 	H$—H.C/ 
a b e 	g CH3 
f 
~... i.'•.. iii 
i . 	.; i . 
I LL.  i 	~ 	r 
.s 	.~ 	s, 	rr 	:r  
Fig. 2.2: 1 II NMR spectrum of' 12-2-12 in CDC1 . 
II NMR (00 MHz. CDCI.,) (12-2-12): = 0.866-0.9000 ppm (t. 6H'', 
alkvt chain 2x 1 Cl I ;1. 1.257-1. 3,' l (hr m. 32 H. ` alkyl chain 2x$ Cl I). 1.814 
(in. 4H. alkyl chain xl CH,). 2.175 (s. 4H'. alkyl chain 2xl CHI). 3.487 (s, 
12H t. 2x2 N'CIh). 3.668-3.S6 (t, 4H~, alkyl chain 2x1 CH,N ), 4.599 (t. 411h 
spacer chain 2x 1 CH,N' ). 
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a 	b-c d 
f 
e 	= 	C'H 
Br f 
N— CHH; 
1 	 .11 
-  11~ 
CI-I , f 
,CH; 
;Br 
HC 	(HC) H C—H c—H_v/ 
b--c C~ I 
f 
(3) 	1,2- Bis(N- tetradecyl-N, N-ditiiethvlammonium)ethane dibromide 
( 14-2-14) 
. s 	s 	3 	2 	 ppm 
	
('i 	 i1 	1 
Fig. 2.3:'H NMR spectrum of 14-2-14 in CDCI,. 
'H NMR ( 300 MHz, CDCI3 ) (14-2-14): ô 	0.861-0.902 ppm (t, 6H`', 
alkyl chain 2x l CH), 1.257-1.376 (br in, 40 H', alkyl chain 2x 10 CI 1,), 
1.820 (in, 4Hd, alkyl chain 2x1 CHI), 2.232 (s, 411`, alkyl chain 2xl Cu 2 ), 
3.148 (s. I21If , 2x2 NCH), 3.458-3.706 (t, 4I1. alkyl chain 2xl CH>N1, 
4.715 (t. 41 I'. spacer chain 2x1 CI12N' ). 
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u 	u 	u 	a 	v 	u 	u PP 
(4) 	1,4- Bis(N- tetradecyl- iV, NN-d imet11V1a111111oyiu111)butane dibromide 
(14-4-14) 
f 
a 	b-c 	d 	ii CH: 
HNC'—i, HjC)to H{'—HiC— H ~ I , Br f 
\\ 1 
,Cft 
o 
H. - , Q 
1% CH_ 
F1( 	, CH; 
N Br- 
HC— (. HC)  
a 	U_c 10 	d 	e 	11 Cft 
Fig. 2.4: 'I-1 NMR spectrum of 14-4-14 in CDCI;. 
'H NMR (300 MIIz. CDC13) (14-4-14): S = 0.864-0.878 ppm (t, 61Ia, 
alkyl chain 2x 1 C'H , ). 1.255-1.351 (hr 111, 40 H" `, alkyl chain 2x 10 CI1), 
1.752 (m. 4Hd, alkyl chain 2x1 CH,), 2.06 (s. 4H`, alkyl chain 2x1 CH2), 
3.311 (s. 121I', 2x2 NC  H3 ), 3.419-3.461 (t, 4I-1;, spacer chain 2x1 CI I,), 3.613 
(t, 4H', alkyl chain 2x1 CII,N`), 3.789 (t, 411'. spacer chain 2x1 C11,N+). 
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u 	u 	u 	u 	u 	►s 	u 	~ 
(5) 	1,5- Bis(N- tetradecvl- N, N- dimethviammonium)pentane (libromide 
I(4-5-14) 
a 	b 	c 	e 	}i Q ZH H;C—'H_C)j 	HNC—HC—Ht', 
Br Q 
N— CH; 
•1 
t /CH_ 
HC d 
CH: 
HtC 
_ 
/ 2 
Ha —t H_ ' 	H ,— k. r CH . 
iw.. iw.~.1 	iii w.ii  
a_. Ass w 	 A.~ 	- 	j.. 
VWI 1I IW\V/ W 
Fig. 2.5: 1 H NMR spectrum of 14-5-14 in CDCI ;. 
'H NMR (300 MIIIz. CDCh) (14-5-14): 	0.863-0.897 ppm (t. 6H", 
alkyl chain 2x  CH). 1.255-1.355 (hr m, 40 1 1b alkyl chain 2x10 CI-I-,), 
1.582-1.615 (t, 4H`. alkyl chain 2x1 C'H~), 1.733 (s. 2Hd spacer chain lx!  
CH,). 2.037-2.074 (t, 4H`, alkyl chain 2x1 CH,), 2.953 (s, 4Hf, spacer chain 
2x1 CH,), 3.387 (s. 12H`, 2x2 N- C11;), 3.512-3.554 (t, 4H}', alkyl chain 2x1 
CI-1,N). 3.813-3.853 (t, 41I', spacer chain 2xl CH2N`). 
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(6) 	1,6- Ris(N- tetradecvl- N. N- (Iimetlivlammonium)hexane dibromide 
( 14-6-14) 
a 	b-c 	e :: 	( fHH: 
.~ 
CH- 
f 
H2C'~ d 
NCH, 
H=C~f 
H , C'/ 
N '\Br 
H:C —(H_C )—HC' H_C'/ CH; 
ll a 	h—c 	e 2 I a~ 	CH 
U 
iv......   . 
	. 
VvI III 	\VI • W 
Fig. 2.6: 'H NMR spectrum of' 14-6-14 in CDC13 . 
'1-1 NMR (300 MHz. CDC h) (14-6-14): = 0.863-0.897 ppm (t, 6Ha, 
alkyl chain 2x 1 CH ;). 1.254-1.353 (hr m. 44 H. `, alkyl chain 2x 11 CH,). 
1.556 (s, 4H c1. spacer chain 2x1 CI-I,). 1.724 (s, 2H`, alkyl chain Ixl CH,), 
1.973 (s, 4H1 , Spacer chain 2x I CH7), 3.396 (s. 12Hg, 2x2 NCH;), 3.509-3.551 
(t. 4H~'. alkyl chain 2x 1 CH,N ), 3.669-3.711 (t. 411', spacer chain 2x I CI IN). 
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(7) 	1,4- Bis(iV- hexadecyl- N, N- ciimethyylammonitun)butane dibrornide 
(16-4-16 
a 	b -c 	d 	z 	11 C~-] 
Ht' (Ht); HC'– 1I{ HNC' 	;Br f 
N— C-i 
- 
CH , 
U 	- 
H _ 	Q 
CH_, 
i 	t 
Hk. CH. 
H:C— (H_C) —H;C—HC—HC' 
1 = 	d 	e 	h CH'. 
11 1 [1 
lTL 
/A y2 
Fig. 2.7: 'II NMR spectrum of 16-4-16 in CDCI;. 
'H NMR (300 MHz. CDC1;) (16-4-16): 	= 0.883 ppm (t. 611. alkyl 
chain 2x I CI I ;), 1 257-1.344 (hr in. 4$ H. ` alkyl chain 2x 12 ('H,), 1.754 (s. 
4W'. alkyl chain 2x I CH,). 2.084 (s. 41-1e, alkyl chain 2x I Cl-1,), 3.308 (s, 121I', 
2x2 N-CH1). 3.431 (s. 41I`. spacer chain 2x1 Cr12), 3.811 (br s, 8F1. alkyl and 
spacer chain 2x2 CH-,N). 
(8) 	1,5- Bis(iV- hexadecyl- N, N- dimethylammonium)pentane_dibromide 
(16-5-16) 
b- 	d I h CH. - 	- 
Br 
CH 
CH: 
CH: 
f 
HC 
Cli• 
CH: 
HC—tti:C);--H:C— }4.0 —H Br 
trc 	d 'f t, CHs 
~1V1 	WIIWIUI W 
u u ' u u u u ~. 
Fib. 2.8: lH NM  spectrum of I6-5-16 in CDCI,. 
'H N LMR (300 MHz, CDCI3 ) (16-5-16): a — 0.903 ppm (t, 6Ha. alkyl 
chain 2xI CH; ). 1.257-1.353 (br 111. 48 H. `, alkyl chain 2x12 CH,), 
1.617-1.728 (In. 2Hr, spacer chain I x I Cl-I2). I.854 (s. 41-1`', alkyl chain 2x4 
CH,), 2.073-2.126 (s. 8H'. spacer chain 2x1 CH., and alkyl chain 2x1 CH'), 
3.349 (s, 	1 2x2 	N'Cl-I;), 3.445-3.501 	(t, 4II11 , alkyl chain 2xl 	C'H,N*), 
3.853-3.909 (t, 4HF. spacer chain 2x I CFhN ). 
58 
(9) 	L6- Bis(1V- hexadecvl- 1V. N- dimethylammunium)hexane dihroinide 
16( 	6-16) 
h 
a 	b- 	d f 	i 	CH: 
H.0 —(H{.)i 	H{— HC—H&,, 	 Br h 
CII, 
NCH: Q 
H 
\e 
NCH_ 
HC 
C'H 
HC~ 
/N, Br 
H: C — (H-C )— H_C— 
a 
H.0—H•C'  
b 	d , 	H= 
1.4 	155 	2.4 	y 5 	y,0 	PP 
Fig. 2.9: ' El NMR spectrum of 16-6-16 in CDCI,,. 
'H NMR (300 \,IHz, ('[)Ch) (16-6-16): 	- 0.857-0.900 ppm (t, 6H`', 
alkyl chain 2x  CII;). 1.255-1.350 (hr in. 4S II. alkyl chain 2x12 CH2), 
1.580-1.618 (d, 4H {`. spacer chain 2x1 CFI,). 1.715 (s. 4H, spacer chain 2x1 
C[-1,), 1.995 (s, 4H t, alkyl chain 2x1 CH,). 2.250 (s, 4H`. spacer chain 2x1 
CH,) 3.355 (s. 1211h , 2x2 N_C[_1~), 3.594 (t. 4H'. alkyl chain 2x1 CH2N~), 3.900 
(t. 4111 . spacer chain 2x I C1-1,N ). 
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Table 2,1: Names and stnictural formulas of the chemicals used. 
\,►inc 
 
Abbreviation 	Structure! Formula 	Make 	 % Purity 
Rea,,erits used fur Synthesis 
N,N,N.N- 
fetranethv lcthy 1encdiamInc 
I -Qromodecane 
I -Bromododecane 
C,4 H;, \ CH, (('H;)' N' 
C, H, Br, 
C H1 Br 
s. d. tine 
(India) 
Sigma-Aldrich 
(U.S.A.) 
Sigma-Aldrich 
(U.S.A.) 
99 
m 
97 
I -Broniotetradecane 
.V-Di methyldodecylamInc 
	
C.41I 1N 
A'.:1'-DiinethyltetradecylamInc 	C,6 H ;5N 
C14H;2Br, 
C~,H,5 (CI13 )2 N 
CI4H, (CH.), N # 
Sigma-Aldrich 
(U.S.A.) 
Fluka 
(Germany) 
Fluka 
(Germany) 
97 
contd..... 
bo 
A, .\—Diilcth}lliexadecvlaininc C,H;yN CF1 	(CI I ), N' Fluka 95 
(Germany) 
I. 	Dihrc►mobutane C;II\Br. Hr(CH )413r I luka 9"1 
((ermany) 
1, 5-Dibromopentane C;lI BrICFl,)sQr Fluka 98 
(Germany) 
1, 6-Dihroniohexane C,IIi,Br, Br(CI11),,13r Fluka 97 
(Germane) 
Ethanol (absolute) COH CI! CI1,UlI Merck 99.9 
(Germany) 
hll acetate (for HPI.0 and C4II O ('H ;COOC I H ;  S. d. fine 99.7 
SI)eCtroSCof)O (India) 
Hexane (for HI'LC and — C, II4 s. d. line 95 
spectroscopy) (India) 
Propanol C;OH CH;CHCH;OH Merck 99 
(India) 
contd.... 
Gilventiollal i►IIJQCt(r►tIs 
Dccvltrinletlivlammonium DeTAB CH;(CH,),,N'(CH ; ); Br ICI 	 98 
Bromide (Japan) 
DodccvItrlllletb)'lalllilll)I11U111 D I AB CI I;(C I 1,),,N (CH;h Br ICI 	 98 
Bromide (Japan) 
l etradeevltrinlelby I11111111oI11U111 TTAB CII,(CII:), N (CH ; I; Br Sigma 	 99 
bromide (U.S.A.) 
C etvllrlillethylamillollllllll C I AB C H;(C H_)IcN (C II;); Br Merck 	 99 
bromide (Germanv) 
Gemini Stir;actmtts 
1,' 	Bis(,1'- deevl-, , N- 10-?-l0 C1 ,Hk (CH;): N} (C112)4 N'- Sell'svnthesized 	- 
(IIIllethvlaIllllllMlu1f1)ethanh (CH;), C I ,H,; 2 Br - 
dibromide 
1,2- Bis(41'- dodeevl- 	N- 12-2-12 C I,H,; (CH;)_ N- (CH)4 N- Self ~'nthesized 	- 
dimethvlammonium)ethane (CH;), C1 ,H1; 2 Br 
d1bromide 
1.2- Bis(.1'- tetradeeyl-X1'.:1'- 14-2-14 C11H,5 (CH,), N- (CH,),, N'- Self synthesized 	-- 
dimethvlaininonium)ethalle (CI-{d _ CI?H,; 2 Br 
dibrolllide 
Cupid.... 
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1,4- Bis(N- tetradecyl-.1'. A'- 	14-4-14 	C14 H N (CII 	N' (CI1,),, N'- 	SeII s\ nlIlesILcd 
dimethv'la111nionlunl)hutanle 	 (CH;)-1CI4H A, 2 Br 
dihronlidc 
1,5- BiO'- tetradecvFI-N, A'- 	14-5-14 	('I4H~,) (CH,), N' (CH,); N'- 	SeIi ,nthesized 
dimeihvlammonium)penianc (CH,) 2 C 41_I . Br 
dibruinide 
1,6- BisN- tetradecvl-A", V- 	14-6-14 	C I4H,q, (CH ; ), N' (CH1)6 N'- 	Sell' synthesized 
dimethvlamnlnniunl)hexanr (CH,)2 C I4 H, ) 2 Br 
dihronlidc 
14- Bis(A'- hexadecyl-;V. N- 	16-4-16 	C l r,ll,; (CH 	N (CH2)4 N - 	Sell' synthesized 
(Iinlethy lanulnoniunl)hutane (CH3 ),C1 H;; ? Br 
dihr~lnuidc 
1,5- Bis(N- hexadccvl-:1', ,1"- 	16-5-I6 	CH31 (CI-I ;), N' (CH,); N'- 	Sell synthesized 
dinlethylanlmomium)pentane (CH,), CI(,H ;; 2 Br - 
dihrOmlide 
1,6- Bis(A'- hexadecyl-.1, N- 	16-6-16 	C I(,H ;3 (CH I ), N' (CH,) ,,N'- 	Self synthesized 
dinleth`1an1n10nIUn1)hexane (CH3)1 CI,,H3. ? Br 
dibromide 
contd...... 
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Sii ar Sul.!(iclu is 
Octyl-13-D-glucopyranosicle 	-CSG c HIM 
0 
	
H 	0 
H 
Oil H 
110 	H 
H OH 
(1J.S.A) 
99 
C6 NII, Cii3(CU)5NII) 
CH;(CH1INH1 
('H;(CH,)-NH, 
Merck 
(Germany) 
Fluka 
(Sivitzcrlandl 
Fluka 
(Switzerland) 
98 
HepiyIaiHint' 
OItylanliUl' 
C;NH~ 
CNII 
98 
98 
Alcohols 
I-Ilexan01 
I-Heptanol 
C,,OH 
C-011 
CIICI );0II 
CH;(CH,)(,OH 
BDII 
(England 
Merck 
(Germane) 
99 
99 
coned...... 
(A 
1 -Octanul C,OH 	CH(CH)OH Fluka 
(Switzerland) 
1nnI(iniz cults 
Sdinm 	bromide — 	 NaBr s, d, line 
(India) 
Sodium nitrate — 	 NaNO;  Merck 
(India) 
Sodium chloride — 	 NaCI S. d. line 
(India) 
I nassium chloride — 	 KCI Merck 
(India) 
Lithium chloride — 	 LiCI s. d. line 
(India) 
Organic Salts 
Sodium heuzoate NaBenz 	COO*Na` Merck 
(Gerlllany) 
Sodium 1L~sv lale 	 \a lo 	 + 	 Flukai 
	
70-SO 
	
SO, Na (Switzerland) 
Sodium salicvlate 	 NaSal 	x•00 Na ' 	 Fluky 
	
99 
OH 	 (SwitzerlandI 
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Preparation of Solutions 
The water used to pi are solutions was distilled twice over alkaline 
K\InO4 in an all-glass (Pyrex) distillation setup. Specific conductivity of the 
double distilled water was in range (5-15) x I0- ' S cm* Special care was taken 
for cleaning the Qlasswares with chromic acid and then by rinsing with double 
distilled water. 
Instrumentation 
Srn face Tension (;) .~Ieasurements 
Surface tension is probably the most common means of determining the 
CMC. Below the CM-1C, surfactant molecules position themselves at the 
air/water interface and thus lower the surface tension. Above the CMC. any 
added surtactant monomer prefers to join micelle rather than to enter the 
interfacial film. Consequently, it plot Of surface tension vs. concentration 
decreases steeply below the CMC and levels off above it. The method is fast, 
convenient, and non-destructive to the surfactant. 
The surface tension measurements were made using, a Kruss 11 
Tensiometer (K11NiK3, Germany) by platinum ring detachment method at 
30 CC'. The temperature was maintained at the desired value (within L 0.2 C) 
by circulating water from an ORBIT RS IOS thermostat (India) to the double-
walled sample holder. Concentrated stock solution of' surlictant prepared in 
different fixed concentrations of salt was added in installments, to a known 
quantity of distilled water (or salt solution of fixed concentration) in the vessel 
and the readings were taken after thorough mixing . After each addition, the 
sample was stabilized for 10-12 min before carrying out the surface tension 
measurements. the correction in ;' values were made accordin`, to the 
procedure of I lurkins and Jordan in-built in the instrument software. The 
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reproducibility of the measurements was checked by carrying out duplicate 
runs. The accuracy of y value measurements was within ± 0.1 mN ni 1 . 
In order to determine the values of CMC, two linear fits were used for 
each of the isotherms. The first line was fitted to the interval of concentration 
characterized by linear decrease of the surface tension and the second one to 
the region of concentration with nearly constant surface tension. The CMC 
values were obtained from the break point of the surface tension vs. log C 
curves. 
Conductivity Measurements 
Aqueous solutions of ionic surfactants show normal electrical 
conductivities and follow the Onsager equation at very low concentration. 
Deviations from Onsager plots occur after critical concentrations of the 
surfactants. Above the critical concentration a sharp fall in conductance is 
generally observed. This is interpreted as caused by micelle formation owing to 
the presence of highly charged ions above the critical concentration [3]. 
The conductance measurements were made with Systronics conductivity 
meter 306 (India), using a dip cell (cell constant 0.1 cm - '). The experiments 
were performed at 30 °C by circulating water through a jacketed cell holding 
the solutions under study. Concentrated stock solutions of surfactants were 
prepared in double distilled water or in salt of desired concentration. These 
stock solutions were added to a known quantity of distilled water or salt 
solution of concentration as in the stock. The conductivity at each 
concentration was measured by successive addition of concentrated surfactant 
stock solution into the thermostated solution. 
The specific conductance was (lien plotted against surfactant 
concentration. The plots showed change in slope above a certain concentration. 
Break in plots, i.e., the points which showed changes, is considered as CMC of 
the solution. Values of the ratio of slopes were used to obtain the degree of 
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counterion dissociation (g). which is the ratio of post-micellar slope to pre-
nlicellar slope. The experimental error in temperature \v aaS I111I11I1117_e(1 to 0.2 K. 
i IJ'cosit► 
 
Measurements 
All fluids Ilia% he considered to he consisting of Molecular layers 
arranged one over the other. When a Shearing force is applied to a liquid. it 
flows. However, the forces of friction between the layers offer resistance to this 
flow. Viscosity of a liquid is a pleasure of its frictional resistance. Viscosity is 
expressed as dyne-seconds per cm- or poise. In practise. smaller units 
centlpolse and millipoise are used. 
There are a number of' methods of different kinds for measuring 
viscosity, il. The method commonly employed is based on Poiseuille's law 
which is given by, 
it = err'4tPi8v1 
	
(2.1) 
where v is the volume in cm of the liquid flowing in t seconds through a 
narrow tube of radius r cm and length I cm under a hydrostatic (driving) 
pressure of P. 
Hence viscosity of a liquid is determined with respect to another liquid. 
usually water. This is called relative viscosity (il r ). If 1 and t, are the tinges of 
flow of the same volume of water and the liquid, respectively, then 
1= 1I"12 = t 1 P 1 it-2 P, 	 (2.2) 
Since the pressure is proportional to the density (p), we have 
llr -11Pilt'p, 	 (2.3) 
Ozeki and Ikeda [-~] found density corrections to be negligible, 11r value 
play, therefore, be calculated using equation 
1l r = t I It, 	 (2.4) 
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Aqueous surfactant solutions containing spherical micelles are of low 
viscosity [5]. Addition of salts and organic additives usually changes the 
shape size of the micelles. which is often reflected by the change in viscosity 
[6]. Micellar growth is accotupatued by a distinct rise in viscosity. In view of 
the fact that viscosity is sensitive to the shapeisize of the microsCopie objects in 
a homogeneous suspension. one Ln expect the evolution of micellar shape to 
he reflected in the viscosity variation. 
Stock solutions of surfactant in distilled water (containing either a fixed 
concentration of the salt or no salt) were prepared by weight. Sample solutions 
were made by taking requisite volumes of additives with the help of 
micropipette (h amilton) in standard volumetric flasks and making up the 
volumes with the stock solutions. After proper mixing the sample solutions 
were left overnight for equilibration. To avoid evaporation, the flasks were kept 
properly stoppered and sealed. 
The temperature was controlled within ± 0.1 °C in a thermostatic water 
bath, which was designed and assembled in the laboratory with commercially 
available components. 
In the present study the viscosities of the solutions were obtained using, 
an Lhhelobde viscometer suspended vertically in a thermostated water bath at 
the particular temperature (30 °C). The method is simple. reliable and provides 
information related to micellar size. The method of viscosity Measurement 
under Newtonian flow conditions was followed as described elsewhere [7]. 
1H .\'.%IR .Measurt'me,lts 
4 H NNIR spectra of the synthesized geminis were recorded on 300 MHz 
Broker Avance NNIR spectrometer (Central Drug Research Institute, Lucknow) 
in CDCI; with 1 I-1 chemical shifts relative to internal standard tctramethylsilane 
(TNIS). 
The stock solutions of geminis were prepared in CDCI . For 
characterization studies. about 0.6 ml Of each solution was taken in 5 mm NMR 
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tube and chemical shifts were recorded on the b (ppm) scale (reproducibility 
eithin 0.01 pinm). 
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Chapter III 
JKicellization and InterfaciaCProperties of 
cDicationfc Gemim'Suol4ctants (10-2-10, 
12-2-12 and 14-2-14) in the Presence of 
various Inorganic and Organic Salts: 
7ensiometric and Contiuctometric Studies 
Introduction 
A complete understanding of the micellization phenomenon, its 
fundamental aspects. use of related studies for technological developments. and 
understanding molecular behaviour requires a comprehensive knowledge of the 
forces and factors controlling the micellization process. One approach that is 
widely being practiced for the said knowledge has been the study of effect of 
additives [1-4], especially electrolytes, on the inicellization characteristics, 
CHIC, and counterion dissociation (g) of ionic surfactants. There are several 
factors to decide the effect of electrolyte on the structure and formation of 
micelles. such as. chemical structure, nature (organic or inorganic), hydrated 
size of the counterions, etc. The effect of added electrolytes on the 
micellization parameters has been attributed almost entirely to the counterion 
effect 
Thus, for a proper understanding of the fundamental micellar solution 
properties, we carried out micellization studies of more efficient gemini 
surfactants of shorter spacer (m-?-m, m = I0. 12, 14) in the presence of 
inorganic (NaBr, NaNO,, KCI. NaCl, LiCI) and organic salts (NaTos, NaBenz, 
NaSal) at 30 °C by tensiometric and conductometric techniques. The small 
inorganic counterions (Br. c'1 , NO3 , which are principally from Ilofnmeister 
series), and aromatic counterions (ros , Ben[, Sal') have been taken Into 
account. In order to evaluate the effect of alkyl chain length variation (In = 10, 
12. 14) on the micellization process. we have kept the spacer chain length 
(s = 2) and head groups same in all the geerinis. The gecoini surfactants 
[1,2- his(.V-alkyl-N.:V-dimethvlaminonium)ethane dibromide (m-s-m, in = 10, 
12, 14, s = 2)] used in the present study have been proven to be good inhibitors 
of iron corrosion in a hydrochloric acid medium. Due to the formation of a 
protective layer on the electrode surface [5], they show maximum inhibition 
efficiency near their CNIC's. 
Gemini surfactants with short spacers have a shorter distance between 
the two alkyl chains, a characteristic which enhances the hydrophobic 
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interaction, restricts hydrophobic hydration and minimizes electrostatic 
repulsion between the two alkyl chains of gemini molecule leading to low 
CMC values. As a result, they reflect higher functionalities that could lead to a 
reduction in their consumption. This is a point worth mentioning regarding 
their environmental toxicity. These surfactants are capable of forming worm-
like micelles, causing micellar growth at low concentrations [6,7]. 
Systematic tensiometric and conductomctric measurements were 
performed to evaluate CMC values. The determination of CMC and the other 
related parameters are dependent upon the methodology adopted and these 
values show variation by different methods. Therefore, we have taken average 
CMC values determined by tensiometry as well as conductometry for general 
correlation (Tables 3.1-3.3). These average CMC values were used to evaluate 
other parameters which included '71,,,,c (the surface pressure at CMC), F,,, 
(maximum surface excess of surfactant molecules at the air/solution interface), 
A min (the minimum surface area per molecule), AG ° (standard Gibbs energy of 
micellization), AGo, (standard Gibbs energy of adsorption), Q'° and J3" 
(interaction parameters for mixed micelles and mixed monolayer), X1'° and 
X1 (mole fraction of the component I in the mixed micelles and mixed 
monolayer), f; '" and f° (activity coefficients of the components in mixed 
micelles and in mixed monolayer). 
This work covers in detail the following: (1) the insight into the 
influence of inorganic and organic counterions on the micellization behaviour 
of cationic gemini surfactants, and (2) evaluation of the alkyl chain length 
effect on the micellization of gemini surfactants. 
Results and Discussion 
Surfactmt systems in solution at first thrm a monolayer at the air/water 
interface and after saturation of the monolayer, they aggregate in the bulk 
phase to form the micelle. This results in the invariant surface tension. The 
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CMC for pure surfactants and surfactant-additive systems were determined by 
distinct breaks in the surface tension (y) vs. log [surfactant]/specifie 
conductivity (K) vs. [surfactant] plots (Figs. 3.1-3.15). The CMC's for pure 
gemini surfactants, (Tables 3.1-3.3) obtained from Figs. 3.1-3.3 plots, are in 
accordance with the reported literature values [5]. Variations of CMC with salt 
concentrations jr ables 3.1-3.3) are presented in Figs. 3.16-3.18, which make 
the role of coion/countcrion quite evident on CMC values. 
Solutions Properties 
Role of Co- and Counterions on the Micellization of Geminis 
The CMC and counterion dissociation for the self-  aggregating geminis 
in presence of different fixed concentrations of chloride salts of Nat , K' and 
Li were determined at 30 °C. The CMC forming efficiency order was 
K` > Nay > Li . The reason for this order may be attributed to the higher 
hydration of Lip (because of its smaller size) than K' and Na'. Due to this, Li` 
prefers to stay at bulk solution and thus imparts less effect than the other two 
coions (K ° and Na'). For a better effect on micellization, coions must have little 
bit hydrophobicity. Since in our case all the colons (K', Na' and Li') are 
inorganic, their hydrophobic effect is considered negligible over here. The 
charge on the counterion plays significant role on the micellization 
phenomenon. In Figs. 3.16(a)-3.18(a), the obtained CMC values are plotted 
against the added salt concentrations, Due to the synergistic effect, on 
increasing salt concentration, a decrease in CMC values of gemini surfactants 
is observed. This can be understood by considering the positive and negative 
contributing factors in the micellization process. The primary driving force in 
micellization is the hydrophobic effect associated with the alkyl chain 
association [8], which promotes the release of water molecules and solvates the 
apolar chain. Due to the hydrophobic effect or the assembly of the amphiphilic 
monomers, a net entropy increase in the system takes place. There is a balance 
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between the electrostatic force among the amphiphilic head groups with their 
counterions and water at the micellar surface. Neutral ion pairs are formed by 
the positively charged head groups and negatively charged counterions in 
solution that are less hydrated than free ions, which ultimately leads to the 
release of water into the bulk with entropy increase. The more hydrophobic the 
counterion, the more strongly it interacts with an amphiphilic micellar interface 
(leading to stronger ion-pair formation), hence favouring micelle formation by 
reducing CMC. 
The position of an ion in the Hofineister series (HS) is considered to 
depend upon its hydrated radius (ri,), or polarizability (p) and charge. Hydrated 
radius of the anion is inversely proportional to its polarizability. Anion having 
large polarizability is expected to enhance the binding of the counterion at the 
micellar surface and also decreases the electrostatic repulsion between the head 
groups of the surfactant molecules, thus increasing the tendency of 
micellization and lowering both the CMC and p. Therefore, a typical HS for 
anions is as follows: Acetate < Cl < NOR Br < CIO4 < I < CNS (the 
positions of the NO3 and Br ions are often switched in the HS) [9-11]. All 
the physical properties of the ions correlate well to the CMC as long as the ions 
have similar electronic configuration and similar morphologies. As the 
hydrated size of CF lis larger than that of Br [ 12], the mobility of the former is 
smaller, and its ability to increase micropolarity is weaker. The couterions are 
adsorbed at the positively charged head groups of micelle. Less hydrated Br 
binds more strongly and, therefore, it can more strongly screen the interaction 
between gemini head groups. Rr , with a larger diameter, has a stronger ability 
to suppress the Stem layer and reduces the curvature of the aggregate. Thus, 
the formation of larger aggregates is more favourable in the presence of NaBr. 
As a result, the CMC decrease is larger in NaBr than NaCl. As regards other 
physical properties of the ions, it has been found that hydration number (nn) 
increases with CMC, whereas partial molar volume (v,), the polarizability (p) 
and the lyotropic number (N) decrease with increasing CMC (13-15]. In the 
present case too, decrease in CMC is found with the increasing polarizability of 
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counterions (Fig. 3.19. where the polarizability (p) vs. CMC of 10-2-10, 
12-2-12 and 14-2-14 in presence of 5 nmM of' NaBr. NaNO, and NaCl is 
plotted). 
To extend our study further we have also chosen salts having aromatic 
benzene ring in their structure (NaBenz. NaTos, NaSal). These organic salts, 
also referred to as 'hydrotropes', are surface active and highly water soluble. 
which increase the solubility of solutes in water. Like surfactants, they have 
hydrophilic and short cyclic hydrophobic groups. NaBenz contains a 
carboxylate group. NaSal contains a carboxylate and a hydroxyl group, 
whereas NaTos has a sulfonate group attached to benzene ring. The difference 
in behaviour can be explained by taking into account the structure, nature, and 
the relative basicity of the groups attached to these salts which leads to the 
following hydrophilic ranking [ 16]. 
-COO > —S03 
As NaTos has a —S03 , which is less hydrophilic than COO of 
NaBenz, the CMC decrease is slower with the former salt. It is well known that 
among different hydrotropes. NaSal is the most effective towards cationic 
surfactants [17]. Salicylate is the benzoate-derived counterion, which has 
delocalized negative charge making it more hydrophobic (despite the presence 
of hydrophilic —OH group). Salicylate has planar geometry which restricts the 
rotation of the carboxylate and further stabilizing the hydrogen bond. Due to 
this intramolecular hydrogen bond in salicylate ion. it is strongly hydrophobic 
[18].  The orientation of —COO (with respect to —OH) is responsible for the 
growth. 
We can see that the CMC is lowered in the presence of salts (Figs. 
3.16(b)-3.18(b)) which clearly indicate that at zero salt concentration, the 
surfactant molecules are not as tightly packed as that in the micelles formed in 
the presence of salts. In the absence of any salt counterion. the positively 
charged head groups of gernini molecules tend to keep surfactant molecules 
away from each other due to electrostatic repulsion. As the addition of a salt 
takes place, a screening of the effective positive charges in the ]lead group 
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weakens the electrostatic repulsion. In addition, with cationic amphiphiles, 
Sal Benz intercalates between the head groups. The —000 group interacts 
with the positive charge of another micelle reducing its surface charge. In this 
way the micelles come closer to each other making the hydrophobic interaction 
relatively stronger. Both these factors are responsible for lowering the CMC. 
Ion-specificity is considered as important factor for micellar transition. 
A carboxylate head group is considered hard and a sulphonatc head group is 
considered as 'soft', therefore, their interaction with soft ammonium head 
groups are different and thus hydrotropes can be compared with inorganic ions. 
This can be attributed to lower hydrophilicity of the sulphonate compared to 
the carboxylate moiety [19] or by a stronger interaction of the cationic 
surfactant head groups with sulphonate groups compared to carboxylates as per 
their relative positions in Hofineister series [20]. The `hard' ions have high 
charge density and high polarizing power and `soft' ions have low charge 
density and low polarizing power. According to the 'matching water affinity' 
concept of Collins [21], soft ions come in contact with soft ions and hard ions 
come in contact with hard ions. However, if hard ones come in contact with 
soft ions, they do not come in proximity and their hydration spheres remain 
intact, hence interacting weakly with each other. Therefore, such mixtures, 
where quaternary ammonium head groups behave like soft ions, are responsible 
for enhancing the potential performance of gemini surfactants. 
The reduction in CMC values in case of the anionic hydrotropes and 
gemini surfactant systems indicates the existence of synergism between the 
two. An attractive interaction is operating between the two components. In 
addition to charge neutralization, intercalation of the hydrophobic part of the 
hydrotropes into gemini micelles also occurs. As already known, all the 
hydrotropes used herein contain a hydrophobic benzene ring. Due to the 
interaction of positively charged head group of the gemini with the 7t- electron 
cloud of benzene ring, the hydrophobic interaction increases. Whereas, at high 
concentration of hydrotropes, due to higher interaction, the additional rz-n 
aromatic interactions between the head groups of hydrotropes are observed 
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[22]. All these changes are responsible for enhancing the hydrophobic 
environment in the getnini—hydrotrope system. 
Thus, the reduction in CMC on addition of hydrotropes to gemini 
surfactant solutions is due to two important factors. The partitioning of 
hydrotropes and their adsorption on the head groups of geminis (i) reduces the 
electrostatic repulsions, and (ii) enhances the hydrophobic character, thereby 
reducing the concentration where aggregation begins. Besides, the possibility 
of hydrogen bonding cannot be ignored. 
Role of Spacer and Alkyl Chain Length on the Gemini Micellication 
The micellization and adsorption properties of cationic gemini 
surfactants are strongly affected by the alkyl chain length and the nature of the 
spacer. For s = 2, as the distance between two alkyl chains is short, the 
hydrophobic interaction is promoted. As a result, the hydrophobic hydration is 
restricted and electrostatic repulsion is minimized between the two alkyl chains 
of the gemini molecules, producing lower CMC values. It can be inferred from 
the "fables 3.1-3.3 data that, when we move from in = 10 to nr = 14 (alkyl chain 
length), the hydrophobic interactions are considered as a major driving force. 
During micelle formation, the water molecules in hydration shell around the 
hydrophobic parts of monomeric amphiphiles arc released, also resulting in 
more entropy increase and giving rise to micellization at lower concentration 
(tower CMC). With s remaining the same in the three gemini surfactants used 
herein, the decrease in CMC follows a behaviour akin to the alkyl chain length 
effect of conventional surfactants. 
Effect of Salt Counterions on g-Values 
Various factors play important role on the addition of salt counterions. 
In ionic micelles the layer j ust adjacent to the surface of the micelles is known 
as Stem layer to which counterions are bound strongly and migrate with 
micelles in the electrical field (as influence of the thermal agitation is 
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negligible on it). Ionic micelles are known to bind a considerable amount of 
counterions to stabilize the self-aggregated surfactant system by way of surface 
charge neutralization and hence lowering in intennicellar repulsion potential 
which results in sharp breaks in the specific conductivity vs. Isurfactanti 
isotherms corresponding to onset of micellization. The present counterions in 
the solution are electrostatically attracted to the charged micelles and are 
adsorbed in the inner electrical double layer, partially neutralizing the surface 
charge. The extent of charge neutralization is known as counterion binding. 
The degree of dissociation (g) was obtained from the ratio of the post and pre 
CMC linear courses (using the conductance isotherms) by the relation, g = post 
CMC slope/pre CMC slope. It has been explained that the degree of 
dissociation (g) depends on the nature and concentration of added salts, the 
colons do not affect the values of g much. As, the degree of counterion binding 
also depends upon the surface charge density of the micelle, the greater the 
charge density, greater will he the counterion binding with smaller surface area 
per head group. It shows no regular variation of g values (Figs. 3.20-3.22). The 
g values were found to increase with the increase in the salt concentration and 
this could be due to the reduction in the charge density on the micellar surface 
and release of counterions, while decrease at still higher values of salt 
concentration may be due to higher counterion binding on the micelle surface. 
Oceanic Salt—Surfactant Interactions 
As reported earlier, organic salts have additional hydrophobic 
interactions besides electrostatic one. They have tendency to penetrate the 
micellar surface leading to micellar growth with lower loading of bulky organic 
counterions. An induction of strong hydrophobic interaction and reduction of 
electrostatic repulsion between the head groups lead to the formation of tightly 
packed reduced curvature aggregates. Addition of hydrotropes (organic salts), 
bearing an opposite charge and hydrophobicity, reduces the electrostatic 
repulsion between the head groups, whereas the hydrophobic interaction 
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increases to the extent being more with surfactant having larger alkyl chain 
length. As a result, more stable mixed systems with higher alkyl chain length of 
geminis are formed due to the synergistic interactions. Thus, a mixture of 
hydrotropes with gemini surfactants leads to the formation of mixed aggregates 
because of the different surface activity of the components. 
The nature and the strength of the interaction between hydrotropcs and 
gemini surfactant molecules in the mixed micelles were determined by 
calculating the values of interaction parameters. In the present case, the 
addition of hydrotropes causes a decrease in the CMC values of the mixed 
systems. A deviation in the experimental CMC value from the corresponding 
ideal mixing can he evaluated by applying pseudo phase separation model. In 
this context the CMC of the pure components can be expressed as: 
In CMC1 = In a1 CMC* - in X1" 	 (3.1) 
In CMC2 = In (1—a1 ) CMC* — In (1—Xi") 	 (3.2) 
where CMC1 is for the first component (hydrotope) and CMC2 is for the 
second component (cationic gemini surfactant). CMC* values are of the binary 
mixtures in the ideal state, a, is the mole fraction of the first component in 
bulk, and X~' is the mole fraction of the first component in mixed micelle. 
The elimination of Xi" in above equations leads to the Clint equation [23], 
which can be applied to evaluate the ideality in the mixtures, 
1 	ai 
CMC* CMC, CMC, 
(3.3) 
The CMC* values are given in Tables 3.1-3.3. In all the binary mixtures 
(hydrotrope + gemini surfactant), the experimental CMC values are mostly less 
than the corresponding CMC* values and fall in between the CMC values of 
pure components. 
Clint's model is, however, an idealization which neglects the interaction 
among different surfactants in the aggregated state and considers the CMC's of 
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individual components reflecting their relative tendency toward micellization in 
the mixed state. The theory is, therefore, an over simplification and can he 
applied only in fairly dilute solutions (systems with very low CMC's). The 
theory is, however, a tool, divergence from which in the positive and negative 
side signifies antagonistic and synergistic behaviours, respectively. The theory 
is very effective in predicting, at least a first order approximation, the CMC of 
a mixed system with known stoichiometric composition from their individual 
CMC's. The model is useful for comparison between ideal and nonideal 
mixtures. A lower value of observed CMC for the mixture signifies a 
synergistic interaction among the components in the mixture which stabilizes 
the micellar phase, whereas a higher value means antagonistic interaction in the 
mixture. In our system, in most of the cases, CMC* values are higher than 
CMC values indicating synergism in the systems. 
The nonideal mixing of gemini-hydrotrope mixture is quantified using 
Rubingh's model [24], which is based on Regular Solution Theory (RST) for 
nonideal mixed systems. This model is basically an optimization algorithm 
toward the CMC of mixed surfactant from their individual CMC and 
corresponding mole fraction and their interaction parameters are all but the 
optimization parameters. In order to investigate interactions between two 
compounds at an interface or in micelles, the so-called /1 parameters 
(interaction parameters) are calculated by using Rubingh's and Rosen's 
approach [25], which are conveniently obtained from surface (or interfacial) 
tension or from CMC data by using well known equations (3.4-3.7). According 
to regular solution theory, the /3 values can be calculated by 
f = [W iz-(W ii -W„)/2]RT, where Wi , is the molar interaction energy between 
the mixed components. Wei and Wzz are the molar interaction energies of the 
two components. As the values of Wii, W,Z and Wiz are not known 
quantitatively, Q gives the values of relative interactions. 
By knowing the /3 parameters, the nature and strength of the interaction 
between the two components can be ascertained (f °' is the interaction 
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parameter for mixed micelle formation in an aqueous medium and ft° is the 
interaction parameter for mixed monolayer formation at an aqueous solution/air 
interface). The average CMC values of NaTos, NaBenz and NaSal used in the 
calculation are 199.10 mM, 290.17 mM, 577.84 mM, respectively. 
For mixed micellar systems the Rubingh's approach is applied as: 
1x;')2 In(CMCa,ICMC, X i ")J 	 1 	 (3.4) 
[(1—x;'1)2 in [CMC (1—a )/CMC, (1— x1°)J 
~ m ln(CMCo CMC, 1^") 
(1— X7 
(3.5) 
(CMC1 , CMC2, and CMC denote the experimental CMC values of hydrotrope, 
surfactant, and their binary mixture, respectively, and Xi" is the micellar mole 
fraction of hydrotrope in the mixed micelle). 
X,"values are all less than 0.5 and increase with hydrotrope content in 
the solution. This means that gerninis are the main components of the mixed 
micelles and hydrotropes penetrate the micelles of geminis to form mixed 
micelles. Hydrotropes are hydrophilic compounds (as is clear from their CMC 
values) and prefer to remains in bulk phase, hence their contribution is low in 
mixed micelles. 
Analogously, for mixed monolayer of micelles. Rosen's approach is 
applied as: 
[(X,°)'In(CONCa,;CONC, X)J 	—1 
(I— X3°)'In[CONC(1—a,)/CONC2 (I—X, °)J 	 (3.6) 
In(CONCa1 /CONC I Xi) 	 (3.7) 
(I—X; )' 
(where, CONC1 , CONC2, and CONC denote the concentrations of hydrotrope, 
surfactant, and their binary mixture, respectively, at a fixed y value, and X, is 
the mole fraction of hydrotrope in the mixed monolayer). 
83 
X1 values also follow similar trend: values increase with a,. The X1 
values are smaller than X; values at almost all compositions. This means that 
the mixed micelles have greater contribution of hydrotrope than in mixed 
monolayers. In other words, mixed monolayers contain more gemini as 
compared to the mixed micelles. The rigid head group structure of gcminis 
make it easier for them to accommodate at the planar air/water interface rather 
than to adjust in a carved micellar surface. 
The /i values demonstrate the extent of interaction between the two 
surfactants which leads to the deviation from ideality. Since the value of the Q 
parameter is proportional to the free energy of mixing of the system, a negative 
value of /3 means that the attractive interaction between the two different 
surfactants is stronger than the attractive interaction of the two individual 
surfactants with themselves or that the repulsive interaction between the two 
different surfaciants is weaker than the self repulsion of the two individual 
surfactants. A positive value of R means that the attractive interaction of the 
two different surfactants with each other is weaker than the attractive 
interaction of the two individual surfactants with themselves or that the 
repulsive interaction between the two different surfactants is stronger than the 
self repulsion of the two individual surfactants. Repulsive interactions are 
found only in mixtures of hydrocarbon chain and fluorocarbon chain 
surfactants of the same sign. /3=  0 means ideal mixing. The more negative 
values evidence strong attractive interaction. In all the mixed systems, negative 
fl" values  are obtained (Tables 3.4-3.6), which suggest that the interaction 
between the two components is more attractive in mixed micelles as compared 
to the self-interaction of the two components before mixing. With increasing 
mole fraction of hydrotropes, due to the intercalation of counterions in the 
gemini micelles, attractive as well as hydrophobic interactions increase and 
hence more negative A °' values and low CMC values are obtained. Our results 
show that/'" values are negative (Cable 3.4-3.6), which can he ascribed to the 
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interaction between the head groups leading to electrostatic stabilization as 
aromatic counterions are more effective to penetrate the head group region 
which leads to the reduction of head group repulsion and facilitates micellar 
growth [26]. In case of \aSal salt, /11  values are more negative then NaBenz 
and NaTos, The synergism (negative deviation) is observed in all the 
hydrotrope-gemini binary systems. The relative importance of the synergistic 
effects depends on the gemini and hydrotrope moiety which must be 
individually optimized for a given property. The interaction between gemini 
surfactant and hydrotropic salts is closely related to the charge of the 
hydrotropic salts and the structure of the gemini surfactants, including the polar 
head groups and alkyl chain length of gemini surfactants. 
For the mixed monolayer (Rosen's approach), the /J values also show 
similar trend (Tables 3.4-3.6), i.e., the salt-gemini mixtures have stronger 
attractive interaction at the solution/air interface. Further, in most of the cases, 
with increase in alkyl chain length, the attractive interactions of organic salt-
gemini systems increase. "these interactions are stronger than in mixed 
monolayer as evidenced by the fact that in most of the cases /9°  values are 
more negative than fl"  values. This is due to the steno factor which is more 
important in micelle formation than in monolayer formation at a planar 
interface. 
The /1 values are related to the activity coefficients (f,) in the mixed 
systems as per the following equations: 
f," - exp[Qm  (l — X1m f] 	 (3.8) 
12,, =cxP[P tn (xi") z) 	 (3.9) 
fi =exp [P° (1—A7)2] 	 (3.10) 
f2 = exp [Q° ( Xi10 )2] 	 (3.1I) 
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The activity coefficients of gemini surfactants (f2) are found to be higher than 
that of the hydrotropes (/j) (Tables 3.4-3.6), which are less than unity, 
indicating nonideal behaviour and synergistic interaction between the two 
components. 
The extent of interaction as observed in the study is in consonance with 
the calculated values of activity coefficients. The greater the value of 
interaction parameter, the greater the extent of nomdcality in the system and 
smaller the value of activity coefficient. The low hydrophobicity and the higher 
CMC values, besides other factors, such as chain length and structure, also 
affect the interactions. Hydrotropes have poor hydrophobic character (i.e., 
shorter hydrocarbon chain length as compared to that of gemini surfactants), 
therefore they show aggregating tendency at much higher concentration. 
Adsorption at the Air-Water Interface 
The adsorption behaviour of mixtures of gemini+salt systems at the 
interface and the consequent effect on the interfacial properties varies 
significantly with the concentration of relative components. As the 
concentration of gemini+salt systems increases, they orient at the air—water 
interface and substantially decrease the interfacial tension. 
When salts are added to the surfactant solution, interfacial parameters 
change with the concentration of salts. The overall effects of salts on various 
surface parameters are discussed below. 
Effect of Salt Counterions on m a, 
The efficiency of adsorption of the studied gemini surfactants at the 
air/water interface and the effect of salts on the adsorption can be evaluated 
using Gibbs adsorption equation. The equation used for calculating T,,,,, of the 
gemini molecules at the air/water interface is [27] 
(-1 / 2.303nRT) (dy / dog Or 	 (3.12) 
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where It and T are the universal gas constant (8.314 J mot-' K 1 ) and 
temperature, respectively. the prefactor n is the number of species which are 
adsorbed at the air/water interface. In the present case, we have taken n = 3. 
The slope of the tangent at the given concentration of the y vs. log C plot was 
used to calculate / ,,. The l;,,, values increase with increase in salt 
concentrations (Tables 3.1-3.3). It can be inferred from the results that, in 
presence of salts, the gemini surfactant molecules have a greater tendency to 
get adsorbed at the air/water interface, compared to that in the absence of salts. 
The presence of salts reduces the repulsion among head groups and more 
gemini surfactant molecules can be adsorbed at the interface. Careful 
observation of Tables 3.1-3.3 reveals that the gemini-inorganic salt systems 
have lower Tmax values than the gemini-organic salt systems. Among inorganic 
salt systems, geminis+NaBr were found to have greater T,,,. It means that they 
easily get adsorbed at the interface. This increase results from the effect of 
counterions, since the positively charged ionic heads of the surfactants attract 
counterions in order to compensate the couloiubic repulsion, there by 
condensing and stabilizing both micelles and the monolayer. As Br ion is less 
hydrated than Cl ion, it influences the packing of head groups and the values 
of Tms more significantly. As mentioned above, the change of coion (i.e., Nay 
or K ) is relatively inefficient. In organic salt systems. gemini+NaSal were 
found to have greater Tmaw in comparison to the NaBenz and NaTos. The reason 
for this may be attributed to multiple factors operating during surface make-up. 
Sal- counterion has hydrophobic moiety, which is supposed to screen the 
positive charge on head group region through it-it as well as cation—it 
interactions, hence resulting in the adsorption of more and more surfactant 
molecules. Benz as well as Tos have same talc to say but in less effective 
way. NaBenz and NaTos do influence (; through same factors but with less 
power. The overall trend in T'a„*  values is: Nasal > NaBenz > NaTos > NaBr > 
NaNO1 > KCI > NaCI > LiCI. Moreover, increase in chain length of the 
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surfactant also increases hydrophobic effect, which leads to increase in the 
T'mar 
Ef'f'ect of Salt Counterions nn 
Am;,, is calculated using the equation; 
Amin = l0 2O !IVxm a. 	 (3.13) 
where ANA is Avagadro's number. It follows a trend inverse to that of h,a,. Due 
to the effective charge shielding in presence of salts and the tight packing of the 
gemini surfactant ions at the micellar surface, the A,,, value shows a decrease 
with increasing concentration of salts (Tables 3.1-3.3). This means that 
surfactant molecules become more compact at interface. Inorganic counterions 
influence the surfactant make up at interface through electrostatic interactions. 
Counterions bind to head group region and screen the electrostatic repulsion 
among head groups, hence decrease in A,,,;,, values results. Gemini-organic salt 
systems were found to have lower A,„;, values than gemini-inorganic salt 
systems. The reason can be attributed to dual influence (electrostatic and 
hydrophobic) exerted by organic counterions on the surfactant molecules. 
Usually aromatic moiety of organic counterions is believed to position itself in 
such a way that it will penetrate in between the head groups and generate 
hydrophobic interaction, resulting in A,,,, decrease. The results also indicate 
that the gentini surfactant molecules are almost perpendicularly located at the 
micellar interface [28]. 
Effect of Salt Counterions on 17cnjc 
The IIcMC values were obtained by using equation: 
"CMC — Yo — YCMC 
	 (3.14) 
where y, and ycMc  are the surface tension of the solvent and the surface tension 
of the mixture at the CMC, respectively. With as increase in salt concentration, 
the increase in 17c%,(- values indicates the increased efficiency. The trend is as 
follows: 10-2-10 < 12-2-12 < 14-2-14 (Tables 3.1-3.3). The reason may be 
attributed to hydrophohicity of the tail. Since 14-2-14 and 12-2-12 have higher 
hydrophobic tail, then will produce greater hydrophobic interaction with the 
hydrophobic ring of the counterion thereby producing greater llç c . value than 
the 10-2-10 gemini surfactant. 
Thermodh- narnics of Bulk and Interfacial Phenomena 
A thermodynamic description of the process of micelle formation 
includes description of both electrostatic and hydrophobic contributions to the 
overall Gibbs energy of the system. The hydrophobic Gibbs energy (transfer 
Gibbs energy) is defined as Gibbs energy for the process of transferring the 
hydrocarbon solute from the hydrocarbon solvent to water. Micelle formation 
in aqueous medium is a thermodynamically favoured and spontaneous process 
accompanied by a significant decrease in free energy, and the driving force 
behind it is the hydrophobic bonding accompanied by desolvation. Thus, the 
phenomenon of inicellization is an energetically controlled process, where 
formation of micelle is well under thermodynamic control. 
For all the geminis. the Gibbs free energy of micellization, AG;;, [29], 
was calculated using equation 
— (3-2g) RT In X('\~~ 	 (3.15) 
where 	is CMC in mole fraction units. It is observed that the AG;;, values 
(Table 3.1-3.3) are all negative and the presence of salts made the formation of 
micelles more facile. With increase in the concentration of salts, the values 
become more negative. The negative values of the AG','„ also indicate that 
micellization process is spontaneous in aqueous medium (Tables 3.1-3.3). 
Further. as expected. the magnitude of AG is greater in organic salt systems 
(Table 3.1-3.3). The more negative AG;;, values of pure m-2-ins arise mainly 
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because more than one chain is transferred simultaneously from background 
solvent to the micelle. 
Adsorption of amphiphiles at interfaces is determined by a number of 
forces involving electrostatic attraction, covalent bonding, hydrogen bonding, 
hydrophobic bonding and solvation and desolvation of various species. The 
extent and type of forces involved depend on the nature of adsorbate, 
adsorbent, their composition, and other characteristics of the solvent [30]. The 
influence of such forces on the adsorption behaviour is reviewed here from a 
thermodynamic point of view. 
Further, the standard Gibbs energy of adsorption, 4G,,, [31], is 
calculated using AG„, 
AG°~ — AG;,— Acme / Imax 	 (3.16) 
The standard state for the adsorbed surfactant is a hypothetical 
monolayer at its minimum surface area per molecule, but at zero surface 
pressure. The last term in equation (3.16) expresses work involved in 
transferring the surfactant molecule from a monolayer at a zero surface 
pressure to the micelle. All the obtained negative values imply that the 
adsorption of the surfactants at the air/water interface takes place 
spontaneously in the order: 10-2-10 < 12-2-12 < 14-2-14. The average values 
for AG',, for salts show the following trend: Nasal > NaBenz > NaTos > NaBr 
> NaNO; > KCl > NaCI > LiCI (Tables 3.1-3.3), which is in accordance with 
our previous discussion. Moreover, these values indicate that when a micelle is 
formed, work has to be done to transfer the surfactant molecules in the 
monomeric form at the surface to the micellar stage through the aqueous 
medium [32]. The AGvalues increase with the increase in the concentration 
of salts. Also, AG,d, values are found to be more negative than AG;,, which 
indicates that the process of adsorption at the surface is more favourable than 
micelle formation due to the hydrophobic portions of the interacting species, 
which lead then towards the au/solution interface. 
Conclusion 
A comprehensive study of the ion specific effect of the salt counterions 
on the niicellization of cationic gemini surfactants (m-2-m, m = 10, 12, 14) 
were performed by tensiometric and conductometric measurements. The 
micellization of gemini surfactants in presence of salts occurs at lower 
concentrations. The inorganic counterions have been found to affect the 
micellization of geminis by obeying Hofineister series. The organic salts have 
been found to decrease CMC more effectively than inorganic salts and the 
trend observed is found to be NaSal > NaBenz > NaTos > NaBr > NaNO3 > 
KCl > NaCI > LiCI. With an increase in salt conecntration, the increase in 
Rcmc values indicates increased efficiency. The trend is as follows: 10-2-10 < 
12-2-12 < 14-2-14, The A ;, value shows a decrease with increasing 
concentration of salts. It also confrnns that the gemini surfactant molecule is 
almost perpendicularly located at the micellar interface. The Tmax values 
increase with an increase in salt concentrations, which confirm that in presence 
of salts, the gemini surfactant molecules have a greater tendency to get 
adsorbed at the air/water interface, compared to that in the absence of salts. The 
negative values of the AG „indicate that micellization process is spontaneous in 
the medium. The average values for AG °d, for salts show the following trend: 
NaSal > NaBenz > NaTos > NaRr > NaNO> > KCt > NaCl > LiCI. All the 
negative values obtained imply that the adsorption of the surfactants at the 
air/water interface takes place spontaneously. In both the cases (AGE, and 
more negative values are obtained with increasing alkylchain length of 
gemini and shows following trend: 10-2-10 < 12-2-12 < 14-2-14. Mixtures of 
hydrotropes (organic salts) with the gemini surfactants lead to the formation of 
mixed aggregates because of the different surface activity of the components. 
With increasing mole fraction of hydrotropes, due to the intercalation of salt 
counterions in the gemini micelles. attractive interaction as well as 
hydrophobic interaction increase and hence more negative fl' values and low 
CMC values are obtained. For the salt-gemini mixtures, attractive interactions 
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and Xi values are nearly equal in mixed micelles and monolayers. Further, with 
an increase in alkyl chain length of gemini, the attractive interactions of 
organic salt-gemini systems increase. 'l'he activity coefficients of gemini 
surfactants J) are found to be higher than that of the hydrotropes (Jr).  which 
are less than unity, indicating nonideal behaviour and synergistic interaction 
between the two components. The nature and the structure of salts primarily 
govern the morphology of gemini. Thus, these systems may be utilized for 
tuning the micellar morphology or for reduction of CMC. 
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30 °C. 
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Table 3.1: Values of CHIC, CHIC*,1l(' 	(', /►►p.., A►►►~►,, :1G;:, and .IG; 	for gemini surfactant 10-2-10-sail systems at 30 T. 
;Idditi~e ('11C ('\IC* 	ll(' \l( l'►►►a 	I)' ;1rn~►, .\G;'„ AGO 
(nil) (m\1) (m\1) 	(m\nl 1 ) (mol n11) (1) (Uni 	I,') (Win(Jl* ) 
System: LiC1+10-2.10 
0.11 6.67() - 	39.30 7.27 218 -22.74 -28.14 
0.5 6.47 - 	43.96 9.14 ISM -22.81 -27.62 
1.0 6.240 - 	43.96 9.58 173 -22.90 27.50 
2.0 6.150 - 	44,59 9.64 172 -22.94 -27.57 
3.0 5.670 - 	42.23 10.03 166 -23.15 27.36 
5.0 5.470 - 	42.18 10.37 160 -23.24 27.30 
System: \aCl+l0-2-10 
0.5 6.170 - 	41.31 9.52 174 -22.94 -17.27 
1.0 6.060 - 	41.67 9.71 171 -22,98 -27.27 
2.0 5.96 - 	42.50 10.32 161 -23.02 -27.14 
3.0 5.555 - 	42.07 10.45 159 -23.20 -27.23 
5.0 5.300 - 	43.17 11,16 149 -23.32 -27.19 
System: KCI+10-2-10 
0.5 6.115 - 	42.15 10.40 160 -22.96 -27.01 
1.0 5.970 - 	42.54 10.65 156 -23.02 -27.01 
2.0 5.925 - 	42.77 10.74 155 -23.04 -27.02 
Cold...... 
,-A w NJ — C 'n w IJ — 'Ji w 
CC 
C C tJ NJ 
OC 4- NJ W —1  
4. 	'Jt 'Jl 
IJ 4- 
'✓i 'Ji 'JI CA 
'J, r- C C ,Ji 
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W 4- A 	— (J NJ 4 	 4- '✓i CJ~ 	W . 
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cc cc 
NJ IJ NJ N NJ 
J J J J 
syslem: NaBeiiz+10-2-10 
0.5 1.632 0.997 39.45 	11.95 139 26.28 19.59 
1.0 0.982 1.190 41.65 	12.67 131 27.6 -30.85  
2,0 0,639 1,594 42.99 	14.40 I 	I -28.65 -31.63 
3.0 0.463 1,991 43.46 	15.12 I10 -29.46 -32.33 
5.0 0.304 2.742 41,83 	16.13 103 -30.52 -33.1I 
5sSlf'ill: AaSal+10.2.10 
0.5 0.988 6.828 39.52 	I2.58 132 -27.55 -30.69 
1.0 0.739 6.987 41.91 	14.13 117 -28.28 -31.25  
2.0 0.552 7.305 40.36 	14.94 111 29.01 -31.71 
3.0 0.419 7.628 40.64 	15.82 105 -29.70 -32.28 
5.0 0.289 8.268 39.91 	16.77 99 -30.64 -33.02  
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Table 3.2: Values of CHIC. CMMMC*,1eue, Pinax, 	and 1G 	11r gemini surl~aetant 12.2-12-salt systems at 30 C. 
Additi%e 	('\IC 	01( Y 
(11111) 	(lull) 	(111\1) 
U.0 0.798 	- 
(I.5 0.744 
1.0 0.732 
2.0 0,627 
3.0 0,598 
5.0 0.573  
0.5 0.635 	- 
1.0 0.620 	- 
2.0 0.577 	- 
3.0 0.545 	- 
5.0 0.465 	- 
0.5 0.626 
1.0 0.611 	- 
2.0 0.549  
II( sic I►►►.►x 10 ..l►►►~►► 
(Ill`Ill 	5 (11101111 	2 ) ( 1) 
System: LiCI+11.2.12 
X1.11 6.98 238 
40.77 8.52 195 
42.89 9.28 179 
41.90 9.77 170 
39.99 10.46 159 
40.57 10.56 157 
System; \aCI+12.2.12 
41.67 8.91 186 
41.87 9.93 167 
41.37 10.27 162 
41.16 11.30 147 
40.42 12.40 134 
System: KCI+l2.2-12 
41.86 10.49 158 
41.69 10.57 157 
41.37 11.09 ISO 
(lmof 1 ) 	(hJnloi'') 
-2$ 09 
-28.26 
-28.30 
-28.69 
-28.81 
-28.92 
-33.55 
- 33,115 
-32.92 
-3.9S 
-32.63 
	
-28.66 	-33.34 
-28.12 	-32.94 
-28.90 	-3293 
-29.05 	-32.69 
-29.45 	-32.70 
-28.70 	-32.69 
-28.76 	-32.70 
-29.03 	-32.76 
contd...... 
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3.11 0.525 - 40.75 	11.70 142 -29.14 -32,62 
5.0 0.44 40.35 	12.51 133 -29.54 -32.76 
S~'stcm: l,r1U3+I 2-2-12 
0.5 0.606 - 42.79 	11.0S ISO -28.78 -32.65 
1.0 0.553 - 43.70 	11.85 140 -29.00 -32.70 
2.0 0.495 - 43.90 	11.99 138 -29.29 -32.95 
3.0 0.412 - 43.89 	12.88 129 -29.75 -33.16 
c,0 0.335 - 13.92 	1164 133 -31.13 -34.35 
Syslcm: A,rlr+12-2-12 
0.5 (1587 - 42.65 	11.96 139 -25.86 -32.42 
1 0 0.531 - 42.69 	12.50 133 29.11 -32.53 
2.0 0,477 - 42.79 	13.13 126 -29.38 -32.64 
3.0 0.390 - 42.82 	13.60 122 -29.89 -33.04 
5.0 0. ?29 - 43.21) 	14.15 117 -31.23 -34'9 
S~'stcnr: Nafos+12-2-12 
0.5 0.121 0.997 42.40 	11.82 140 -32.84 -36.43 
1.0 0.097 1.189 42.70 	12.10 137 -33.40 -36.92 
2.0 0.084 1.590 43.48 	13.05 127 -33.76 -37.09 
3.0 0.073 1.983 43.08 	13.72 121 -3.11 -37.25 
S.0 0.048 2.725 43.52 	14.25 116 -35.14 -38.19 
contd...... 
121 
	li W t J — C 	 	LJ (J — 
C C 	'.n C C C '✓~ 
j C C C C C C C C C 
C C C C C C 
-1 '.0 • 'C C — 
N — C 	tJ -- —' -- C 
C 
IJ — J.- C J 	W 	`^, ~J 
t! W W W W W W W W W 
Ui oc A J 	cJi N C C..► — 
. - 4 L - 	1.1 C.J ',.J W W 
N IJ — C C ✓  J J ~1 .:II 
,, 
a' La.) 'C 	 ~l Vi r bC 4. 
PJ 
N 
Table 3.3: Values of CM1C. CMMC*, lIc aic. 	 for 1..1G and :1G; for gemini surfactant 14-2-14-salt systems at 30'-C. 
:Additllc (IIC (IICY 	/I(\ 	Ll% 10 Amin 1G  :1G,~, 
(ni\1) (nl\l) (nl\nl 5 	(mol m i) (,1) (kJnio 5 (kJmol") 
System: LiCI+14-2-14 
0.0 0.118 - 	35.40 	7.66 217 -32.90 -37.52 
S 0.(\95 - 	)7.S6 	S.33 199 -33.36 57 
1.0 0.087 - 	37.66 	8.40 197 -33.66 -38.13 
21) 0.058 - 	35.14 	9.54• 174 -34.69 -38.69 
31) 0.053 - 	39.57 	9.97 166 -34.89 -38.86 
5.0 0.044 - 	43.53 	10.50 158 -35.39 -39.56 
Svstem•N3GI+1J-?-14 
0.5 0.074 - 	38.12 	8.99 184 -341)6 -38.30 
1.0 0.057 - 	39.50 	9.81 169 -34.71 -38.74 
2.0 0.044 - 	39.53 	11.38 146 -35.39 -38.86 
3.0 0.030 - 	39.75 	12.59 132 -36.31 -39.47 
5.0 0.026 40.67 	12.76 130 -36.71 -39,9() 
System: KCI+l4-2-14 
0.5 0.068 - 	38.95 	9.19 181 -34.27 -38.51 
1.0 0.054 - 	40.26 	10.87 153 -34.87 -38.57 
3.0 0.038 - 	40.97 	11.50 144 -35.72 -39.29  
con Id...... 
123 
3.0 0.028 39.62 	13.30 125 -36.3 39.50 
5.0 0.024 - .10.92 	13.55 132 -36.91 -39.93 
Svstcm: \a1O +14.2-14 
0.5 0.052 - 41.52 	10.34 160 -14.97 -38.98 
1.0 0.036 -?.9? 11.50 144 -35.86 -39.59 
2.0 0.028 - 43.31 	11.76 141 -36.48 -40.16 
3.0 0.021 - 45.19 	13.36 124 -37.25 -40.63 
S.0 0.018 - 45.11 	14.33 II6 -37.64 -1(1.79 
Syste'Ill: Ndlr+14-2-14 
U 0.050 - 41.20 	12.27 135 -35.04 -38,40 
1.0 0.035 - 42.0' 	13.24 125 -35.93 -39.10 
2.0 0.024 - 43.12 	11.35 116 -36,91 -39.92 
3.0 0.018 - 41.04 	14.44 115 -37,57 -40, 
S.0 0.015 - 43.96 	15.36 I0 -3. 10 -10.96 
System: \aTos+14-2-14 
0.5 0.046 0.236 38.67 	12.46 133 -35.25 -38.35 
1.0 0.040 0.347 41.97 	13.03 127 -35.63 -38.85 
2.0 0.021 0.589 42.76 	13.58 122 -37.25 -40.40 
3.0 0.014 0,784 43.06 	14.87 Ill -38.18 -41.08 
5.0 0.011 1.174 43.38 	15.37 108 -38.77 -41.59 
eont(l...... 
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Svstcm: \aBcni+14-2-14 
0,5 0.013 0.236 40.01 12.70 131 -35.45 -35,59 
1.0 0.037 0.347 40.63 13.62 112 -35.79 3ti.17 
2.0 0.012 0.589 41?7 14.34 116 -3.56 -41.43 
3.0 0.009 0.785 41.33 15.52 107 -39.39 -42.05 
5.0 0.007 1.176 41,57 15.80 105 -40.02 -42.65 
S~stcm: \aSal+14.2-14 
0.5 0.029 0.236 35.51 13.08 127 -36.39 -39.I() 
1.0 0,024 0.317 35.57 14.63 114 -36.86 -39.29 
2.0 0.009 0.590 36.70 14.67 113 -39.25 -41.75 
3.0 0.007 0.786 36.88 16.28 102 -39.84 -42.1 
5.0 0.006 1.178 36.71 16.66 100 -40.40 -42.61 
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0.02 	02761 	-14.5470 
0.05 0.3140 -16.1229 
0.09 0.3430 -172738 
0.13 0.3610 -18.2718 
0.20 0.3810 -19.5838 
0.2970 
0.3190 
0.3390 
0.3540 
0.3730 
-17.9813 
-18.499 
-18.9480 
-19.7'07 
-30.9147 
0.U? 
0.05 
0.09 
9.13 
0.20 
fable 3.4: Iicellar compoiitIOna (a',°',.l' ), interaction parameters 0/t°'. if), and activity coefficients 
1 i'. f; t;) of binary mixtures of cationic gemini surl'Ximit 10-?-10 at different mole fractions of salts at 
3(1°C. 
SJI( 
tm 
~1 
m 
l~ 
0.02 0.2481) -11.8799 
0.05 0.2680 -11.6290 
0.09 0.3300 -14,7051 
0.13 0.3449 -14.9012 
ft20 0.3640 -15.4924 
f lu 	'~ 10 jm: 
System: Na'I'os+10-?-10 
12.090(1 0.4815 0.2280 
19.6700 (14337 0.2552 
13.5900 0.2016 0.3060 
16.4100 0.1715 0.3221 
18.9900 0.1284 0.3370 
Systenm: NaBenz+l0 -2-1U 
4.8900 0.3399 0.2360 
5.0700 0.2039 0.2952 
5.7800 0.1310 0.3300 
5.7500 0,0924 0.3440 
5.5000 0.0582 0.3630 
System: NaSal+10 -2-10 
1.3800 0.2047 0.2660 
1.8900 0.1523 0.295() 
2.5400 0.1133 0.3090 
2.6700 (10844 0.3270 
2.6900 0.0544 0.3450 
i r10' 
-11.8909 8.3607 9.5389 
-12.0998 1.2.1611 0.45.17 
-14.1140 11.1620 0.2667 
-14.4538 13.0408 0.2232 
-14.3877 17.9206 0.1951 
	
-1.2.5962 	6.4195 	0.4958 
-15.2876 	5.0345 	0.3638 
-16.8013 	5.3027 	0.1604 
-17.1967 	6.1102 	0.1306 
-18.0491 	6.5966 	0.0927 
-16.5112 1.3699 0.3109 
-17.4922 1.6757 0.2182 
-17.1410 3.7890 0.1946 
-17.9503 2.9.44 0.1466 
-18.6534 3.3453 0.1085 
1 6 
Table 3.5: Micellar compositions  (X",1V ). interaction parameters (Jf' f'). and activity coefficients 
, 
IIi 
	1;°, ,r of, binary mixtures of , cationic gemini surfactant 12-2-12 at different mile fractions of salts at 
30C. 
SvSIeill: NA I OS+12-2-12 
0.20 0.3190 -16.9 57 3.81110 1).1777 0.3110 -17.6777 12661 11,18119 
0.33 0.3430 -17.7586 4.6900 (1.1237 (1.3330 -18.3(1(19 2.9109 0.1314 
0.5I1 0.3610 -18.6217 5.750(1 0.0814 0.3550 -18.9365 3.7896 (1.0919 
0.6(1 (1.3820 -19.5316 5.7600 0.0578 0.3670 -19.3565 4.2836 0.0737 
0.71 0.4031) 21.755(1 4.2900 0.0292 0.3900 -21.6192 3.2085 0.11373 
System: Aalleiiz+12-2-11 
0.20 (1.3180 -17.5760 2.4500 0.1640 0.3080 -17.7245 2.0599 0.1861 
0.33 0.3450 -19.1645 2.69011 0.1021 0.33 0 -18.9355 2.3084 0.1194 
0.50 0.3660 -19.9291 3.3200 (3.0692 0.3540 -19.2658 3.2232 0.0894 
0.60 0.3790 -20.6206 3.5200 0.0517 0.3680 -20.0420 3.3369 0.0662 
0.71 0.4000 -22.8978 2.6300 0.0256 0.3870 -21.5835 3.0035 0.0394 
System: AaSal+12-2-12 
0.21) 0.3540 -25.2179 0.1-690 0.0424 0.3470 -25.8235 0.1651 0.0446 
0.33 0.3720 -26.4119 0.2990 0.028 0.3640 -26.8376 0.1929 0.0285  
0.50 0.3900 -27.8002 0.3220 0.0145 0.3780 27.1842 0.2706 0.0205 
0.60 0.4030 -29.7910 0.245(1 0.0079 (1.3910 -28.8425 0.2260 0.0121 
0.71 0.4150 -31.3103 0.2220 0.0045 (1,3990 -28.9138 0 2913 0.0100 
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Table 3.6: hlicellar compositions ( X' ,X,' ), interaction parameters fl' 	). and activity coefficients 
( • /''  !`" 	 , I ) 01 IvIau' mixtures of Caflomc gem ini surf Klan 14-2-14 at dlf6cI'ent mole II'actions of Salts A 
(/.fJlf 	,/1/~ l 	jIm 10, 	~:m 
	
L.i 
	
fl 
	--- - f ~~ i0 
Svstem: a~l u5+14-2-14 
0.50 0.2890 -15.4572 4.0400 0.2749 0.2900 15.7044 3.6464 (1, 2669 
0.66 0.323(3 -17.0142 4.1100 (3.1694 0 3370 •I W)3 2.5312 0.1176 
0.80 0.3700 -21.1286 2?800 0.0554 0.3760 -22.5704 1.5249 0.0411 
0.85 0.3880 -23.3435 1.6000 0.0297 0.3910 -24.3989 1.1749 0.0239 
0.90 0.4050 -25.3109 12800 0.0157 0,4060 -25.9876 1.0418 0.0137 
System: Nalenz+14 -2-I4 
0.50 0.2890 -16.3571 2.5600 0.2550 0.291() -16.1441 2.9891 0.2548 
0.66 (3.3210 -17.8576 2.6600 (3.1588 0.3260 -179306 2.9004 0.1487 
0.80 0.3770 -23.9614 0.9140 0.0331 0.3830 -24.6053 0.8550 0.0270 
0.85 (3.3920 -25.9885 0.6730 0.0184 0.3940 -25.7823 0.7726 0.0182 
0.90 0.407(3 -27.9788 0.5330 0,0097 0.4100 -28.1164 0.5615 0.0088 
System: AaSal+l4 -2-I4 
0.50 0.3010 -19.1878 0.8480 0.1757 0.2820 -17.4587 1.2333 0.2494 
0.66 0.3310 -20.9541 0.8450 0.1006 0.3100 -18.6474 1.3941 0.1666 
0.80 0.3750 -26.2607 0.35 10 0.0249 0.3660 -24.6334 0.009 0.0368 
0.85 0.3870 27.8505 0.2850 0.0154 0.3800 -26.3258 0.4028 0.0223 
0.90 0.4010 -29.7292 0.2330 0.0053 0.3940 -27.8276 0.3646 0.0133 
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Chapter IV 
JKicelrar Growth  of cDicationic Gemini 
Surfactants (10-2-10, 12-2-12 ancC14-2-14) 
with Jf1gFier Chain Length AfrOhoCs/Amines 
(C6-C8) in t6ieA6serue anrlcPresence of 
Organic Salts: scometric Studies 
Introduction 
Micellar systems possessing unique solubilization properties have 
several applications. Thus. a thorough investigation of such properties is of 
significance. Organic compounds are the common pollutants in "round water 
and aqueous industrial process streams. Micelle-enhanced-ultrafilteration 
(MEUF) is it technique which could be used to remove organic pollutants [I]. 
'l'herefore. increasing micellar size by some means would be easier and of great 
help to decide the pore size in MEUF. This observation is of practical 
importance in day-to-day life, since it is directly related to the cleaning action 
for aquatic environment. Hence, a micellar growth study in presence of salts 
and organic additives has direct relevance with one of the huge problem of real 
world. 'pollution'. 
Various environmental factors, such as change in surfactant 
concentration, additives (salts. polarnonpolar compounds), temperature, pH, 
etc., affect the aggregation behaviour of surfactants. The effect of additives 
(salts and organics) on surfactant solutions is vital to many applications for 
detergency and emulsification because of the enhanced performance of the 
mixtures due to synergism. Among various organic additives, alcohols and 
amines [2] are the common co-surfactants used with surfactant-oil systems to 
generate a microemulsion in enhanced oil recovery. In addition, a recent study 
[3] has illustrated an unique application of ygeminiiamine system wherein strong 
catalytic effect in ester bonds cleavage was observed in 16-6-16 and 
decvlamine micellar solution due to the formation of functionalized mixed 
micellar aggregates. 
The medium: higher chain length alcohols/amines are more effective in 
increasing the viscosity of micellar solutions and the magnitude depends upon 
the number of carbon atoms in the alkyl part of' the particular alcohol: amine. 
The lower homologues affect the water Structure, while the penetration of 
higher ones outweighs the effect, resulting in an increase of both the micellar 
size and viscosity, hence promoting micellar transition. Thus, alcohols/amines 
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with long chains are employed in industrial applications as they are potential 
candidates to induce a rich variety of microstructures [4,5]. 
The aromatic counterions too induce the formation of worm-like 
micelles at relatively low surfactant and counterion concentrations which is 
attributed to the strong binding of organic counterions to surfactant micelles to 
minimize the contact of their bulky hydrophobic part with water. They are 
capable of forming tightly packed entities by modifying spontaneous curvature 
of the surfactant assemblies and hence the solution properties [6]. Due to their 
manifold applications, surfactant-organic counterions mixed systems have, 
therefore, attracted considerable interest from both academic and industrial 
researchers. In this context, possibility of using worm-like-micelle-containing 
systems as drag reducing agents in recirculation systems and in fracturing 
fluids in oil production need special mention [7]. 
Previous reports by Kabir-ud-Din et al. [4,X-1R] on the effect of 
additives (organic inorganic compounds. non-electrolytes, surfactants. etc.) 
using a variety of experimental techniques yielded important results of the 
physicochemical properties of different gcmini surfactant solutions. However, 
in the earlier studies the authors opted the m-.s-m type of geminis of alkyl chain 
length in = 12, 14, 16 and spacer of medium chain length (s — 4; 5, 6). On the 
basis of the significance discussed above, the present study has been conducted 
on the micellar growth of dicationic gemini surfactants with short spacer of the 
series 1,2- bis(N-alkyl-N,N-dimethylammonimn)ethane dibromide, referred to 
as m-2-m (in — 10,12,14) in the presence of medium to long chain n-alcohols 
(hexanol; C60H, heptanol; C,OH, octanol; C5OH) and the corresponding 
n-amines (hexylamine, C,NHZ, heptylamine; C7NH,, octylamine; C,NH2) in 
the presence and absence of organic salts (sodium salicylate, NaSal, sodium 
tosyIate: NaTos) by viscosity measurements at 30 `C. The purpose of the 
present study is thus to show that micellar growth with an organic molecule 
could be accelerated by the presence of organic salts. For the sake of 
comparison, the effect was observed for the corresponding monomeric 
counterparts 	(decyltrimethylammonium 	bromide; 	DeTAB, 
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dodecyltrimethylamnlonluln bromide: DTAB, tetradecyltrimethylammoniuIn 
bromide: TTAB) as well. 
Results and Discussion 
The extent of iuteraetLon bet«vccn amphiphilic molecules can be 
expressed by molecular shape and it is mainly determined by a balance 
between hydrophobic interactions of the hydrocarbon tails, electrostatic 
repulsion and hydration of head groups. Thus, the micellar shape transition 
point depends on the head group having counterions, the chain length of 
surfactants and the location of a solubilizate in the micelles. Therefore, there 
are two main factors that determine the micellar shape transitions— the 
electrostatic effect of counterions clue to other counterions binding on ionic 
micelles and the other is the hydrophobic interactions between surfactant 
molecules and ions caused by the disruption of water structure. 
The viscosity of surfactant is greatly related to the size, shape and 
organization of micelles in solution. which strongly depend upon the actual 
packing parameters in micellar assembly. There are many factors that will 
affect the packing parameters such as surfactant nature. concentration, ionic 
strength, presence of additives and so on. 
The site of solubilization of different compounds within micellar 
systems can be correlated with the structural organization of aggregates. The 
viscosity of the solution responds to morphological changes of aggregates and 
their mutual interactions. 
In view of the above, the results of the present study carried out with the 
dicationic geminl surfactants can be discussed under the following heads. 
Effect of Ge,nini Concentration wail .-t lk1 Chant Length 
Variations of the relative viscosity with the gemini surfactant solution 
concentrations in aqueous medium are presented in Tables 4.1-4.3 and Fig. 4.1. 
Evidently, the viscosity increases with increasing surfactant concentration. For 
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the sake of comparison, the relative viscosity data of monomeric analogues 
(i.c.. l)e'I'AB. DTAB. TTAB) are also plotted along with the corresponding 
geminis. It can be noted that within a given concentration range the effect of 
the concentration of monomeric counterparts are negligible as compared to the 
respective dimeric gemini surfactants (Tables 4.1-4.3 and Fig. 4.1). Studies on 
monomeric counterparts were, therefore. not pursued any further. Further, the 
rl r  values are higher with longer alkyl chain length of geminis. Comparison of 
the results for the 10-2-10. 12-2-12 and 14-2-14 gemini surfactants shows that 
the relative viscosity increases gradually with concentration but increase is 
more pronounced in case of surfactant with longer chain length. Increasing the 
hydrophobic alkyl chain of surfactant has qualitatively similar effects to 
increasing the surfactant concentration on micellar properties. Therefore, 
increasing the amount of nonpolar material in the system will result in an 
increase in micellar size due to hydrophobic interaction between the 
hydrocarbon tails and the aqueous solvent molecules. Hence, we can say that if 
the hydrocarbon part is longer, the surfactant is adapted to rod-like micelle 
better than to a spherical micelle, which is well reflected from our viscosity 
results. A rapid increase in viscosity in case of 14-2-14 and 12-2-12 indicates a 
formation of rod-like micelles at much lower concentrations as compared to the 
other surfactant with shorter hydrocarbon chain (10-2-10) [ 19]. The m- 2-m 
gemini surfactants are double-headed dicationic surfactants with a short 
ethylene spacer which means that the head group has a high charge density. 
Obviously, increased hydrophobicity in case of' longer alkyl chain gemini 
(14-2-14) is mainly responsible for the more pronounced micellar growth (as 
depicted by high 11r  values). 
With the increase of gemini surfactant concentration, there is a transition 
for the growth of the micelles [20.21 ]. The spherical-to-nonspherical micelle 
transition is not abrupt. Both types of micelles may coexist over a range of 
concentration. With the increase of concentration, the number of spherical 
micelles per unit volume decrease and more and more nonspherical form. 
When the majority of the gemini surfactant is in worm-like micelles, the 
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solutions exhibit viscous behaviour as the result of micellar entanglement and 
the formation of transient network. 
From these plots surfactant concentrations (0.06 M in case of 10-2-10. 
0.02 N1 in case of 12-?-12. 0.01 NI in case of 14-2-14) were chosen to study the 
effect of organic salts additives in detail. 
LJje'ct of Salts 
Now. before discussing; the results of gernini/salt'organic additive 
systems, obviously we discuss the geminvsalt systems and morphology of the 
aggregates therein. 
A theory of micellar structure based upon the geometry of various 
micellar shapes and space occupied by hydrophilic and hydrophobic moieties 
of the amphiphilic molecules has been developed by lsraelachvili, Mitchell, 
and Ninham [22]. The volume i'll occupied by the hydrophobic group in the 
micellar core, the length of hydrophobic group in the core 1~, and the cross 
sectional area u„ occupied by the hydrophilic moiety at the micellar solution 
interface are used to calculate a packing parameter (RP), which determines the 
shape of the Inicelle. R~, _ I'llla„ 1. 
In presence of the salts, an increase in the ionic strength effectively 
reduces the electrostatic repulsion between the ionic head groups; this promotes 
aggregation of the surfactants with obvious increase in viscosity. It is known 
that micelles of lemini surfactants grow from spherical to rod-shaped on the 
addition of different counteri(1ns [23]. Halide anions associate only moderately 
with surfactant headgroup. and micellar growth is gradual. However, with 
anions that associate strongly, such as aromatic salt anions e.g., Sal ), rod-
shaped micelles grow rapidly even at low surfactant and salt concentrations 
[24]. When surveying the mixing of the cationic geminis in aqueous solution 
with various aromatic anions, it was qualitatively noticed that several 
gemini/salt pairs exhibit thickening with stronger viscosifying effects [25]. In 
the present studies we see that the viscosities of' 10-2-10, 12-2-12 and 14-2-14 
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gemini surfactants increase with the added organic salts. NaSal (Tables 4.4-4.6 
and Fig. 4.2) has higher ability to increase viscosity value at the same ionic 
strength than NaTos. 
The addition of these organic salts to cationic surfactant solutions causes 
the formation of worm-like micelles at relatively low surfactant and counterion 
concentrations [25]. Besides electrostatic interaction, such organic counterions 
(the so-called hydrotopes) are expected to penetrate into micelles by inducing 
strong hydrophobic interaction (due to possessing aromatic phenyl groups) and 
thereby reducing the electrostatic repulsion between the cationic head groups 
and ultimately forming tightly packed surfactant aggregates of reduced 
curvature. They produce strong viscoelasticity in conventional cationic 
surfactants [26], which confirms the transition from sphere to rod/worm-like 
micelles. 
It was reported earlier [271 that with an increase in NaSal concentration, 
micelles begin to overlap, grow larger and entangle with one another leading to 
a large increase in viscosity. At low salt concentrations, the solutions contain 
slightly elongated micelles and their viscosity does not increase much [28]. 
Thus, in order to avoid complexities of higher salt concentrations, we have 
chosen a low salt concentration range for the present study. The organic 
couIlterions used (Sal-. Tos ) herein are believed to occupy the interfacial 
region with benzene ring partly incorporated into the micellar core of the 
cationic gemini micelles. At lower concentration of salts. no significant effect 
on micellar morphology is observed (as not much change in 11, is found), 
because the viscosity of the micellar solution containing short rod-shaped 
micelles with smaller axial ratio is not very different from that due to spherical 
ones. However, with increasing the concentration of each salt, the viscosity 
patterns change with NaSal (Fig. 4.2a) and NaTos (Fig. 4.2b). This change may 
be due to different binding capacities of each counterion that would influence 
the packing parameter to a different extent and hence the micellar morphology 
and viscosity of the system too. The micelle shape and the properties of the 
genlini micellar solutions are affected by the distribution of head groups and 
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effect of chemical link between the head groups on the packing of' surfactant 
alkyl chains, which are expected to strongly influence the curvature of the 
surfactant layer. I hus, salt addition would influence this distribution and also J 
optimum area per head group (a„) with an increase in Mitchell-Ninham 
parameter too. These are the prime factors responsible for a drastic change in 
the micellar size and viscosity of the solution. 1 H NNIR studies have shown that 
the Sal - anion orients III Such a way that the negatively charged site (—COO-
group) stands perpendicular to the surfactant micellar surface [28,29]. This 
results in it large reduction of the net surface charge. Similar conclusions are 
also drawn from fluorescence measurements [30]. As NaTos has a S03 , which 
is less hydrophilic than —OH group of NaSal, viscosity increase is slower with 
NaTos. 
Here again micellar growth is more with the longer alkyl chain gemini. 
i.e.. in = 14. 
Effect of Alcohols/;1 ,,tires 
Aqueous solutions of amphiphilic compounds have a general tendency 
to solubilize a certain amount of organic additives. The environment of 
solubilisation of different additives in or around micelles can be correlated with 
their structural organizations and mutual interactions. Both dynamic and 
stnictural properties of micellar solution can be altered by additives which can 
act through two different mechanisms: by interactions with the surfactant 
molecules or by changing the solvent nature [31]. Therefore, the effect of' 
addition of organic compounds depends on as how they change the water 
structure and the micelle structures. The emerging picture is that molecules 
with polar groups are mainly solubilized near to the surface of the micelle with 
their polar group at the surface and that aliphatic hydrocarbons are 
preferentially solubiIized in the micellar core. The effect of water-soluble 
compounds can be explained by considering their influence on the water 
structure. 
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Tables 4.7-4.9 and Figs. 4.3-4.5 show i~, values of the gemini solutions 
containing different amounts of alcohols (C, - CNOH). which clearly indicate 
the increase in the )/ r values with the increasing concentration of' additive. The 
effects of alcohols are primarily dependent on their alkyl chain length (or 
hydrophobic group). COH is partitioned between aqueous phase and micellar 
phase and is believed to be more soluble in micellar phase than in aqueous 
phase. With longer chain length alcohols (C701-1 and C,OH), increase in il, 
values is more pronounced as compared to C(,OI-1. This is due to the formation 
of relatively loner chain alcohol-surfactant mixed micelles [1$]. These 
alcohols prefer to stay in the micellar phase as they are hydrophobic in nature. 
The —OH group of these alcohols aligns parallel to the gemini molecule and 
thus facing towards the water phase by forming easily alcohol-surfactant mixed 
micelles. The penetration of a surfactant rich film in between the similarly 
charged head groups minimizes the repulsion. which decreases a,) and 
consequently increases R. This is due to the fact that the higher chain length 
alcohol-gemini micelles are considered to he coupled as a single-surfactant, 
increasing the volume of the micellar core i'II. Thus the R1, follows the order 
C(,OH < C-OFI < C OI-l. 
III case of amines too, the trend for the relative viscosities of geminis are 
in the following order: C( NH, < C-Nl-1, < C N1-I, (Tables 4.10-4.12 and Figs. 
4.6-4.8). This order is consistent with the length of hydrocarbon portion of 
amines. This effect may he attributed to the hydrogen bonds. formed between 
the nitrogen atoms of amine additives and the water molecules in the electrical 
double layer and in the alkyl region near the palisade layer of the micelle. 
Alkvlamincs may be incorporated into the polar head groups of gemini 
surfactants. which may result in increasing the distances between cationic head 
groups of geminis and reduces the charge density of the micellar surface. 
I ence, micelle formation is favoured in presence of amines as well in two 
ways: Firstly. the nitrogen atoms hearing lone pairs of electrons, tend to form 
hydrogen bonds with water and break down the water structure (iceberg) 
formal around monomers. Secondly. the hydrophobic alkyl portion of the 
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amine has a tendency to incorporate in micelles, which may also replace some 
of the water molecules at interface. This replacement increases the distance 
between head groups and decreases the charge density of the micellar surface. 
These effects contribute to the micelle formation. 
Effect of Simultaneous Presence of Salts and Alcohols/-A nil,, es 
The magnitude of the combined effect Of surfactant—salt—alcohol system 
has been of keen interest to many researchers [32,33]. The effect of the 
combined presence of organic salts and alcohols/amines on geminis is also 
observed (Tables 4.13-4.24 and Figs. 4.3-4.8). Addition of alcohols to 10-2-10, 
12-2-12 and 14-2-14 at different concentration of organic salt (0.002 M. 0.002 
M and 0.001 NO shows interesting behaviour for such cationic systems (Tables 
4.13-4.18 and Figs. 4.3-4.5). We have noticed a remarkable increase in 
viscosity in 14-2-14, 12-2-12 than in 10-2-10 gemini surfactant at different 
concentration of alcohols. 
In case of amines too, the trend for the relative viscosities of geminis is 
in the following order: 14-2-14 > 12-2-12 > 10-2-10 (Tables 4.19-4.24 and 
Figs. 4.6-4.8). 
The results are attributed to a novel phenomenon of 'synergism". when 
both salt and organic additive are present simultaneously; the former weakens 
the Coulombic repulsion between the micelles, whereas the interaction of' the 
latter (or intercalation) decreases the intermicellar Coulonlblc repulsions and 
also increases the hydrophobic interactions among monomers of' the gemini 
inicelles. Both these are supporting factors for pronounced micellar growth. 
In order to develop an empirical correlation between concentration of 
surfactant additive (c) and relative viscosity, the following equation was used: 
11r  = k1 .exp (k2.c) 
	
(4.1) 
The plots of the relative viscosity vs. concentration of 
surtictant salt/alcohol.'amine were fitted in empirical correlation (equation 4.1). 
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For all the systems the mean absolute deviation (MAD) was found to be less 
than 3.5% (Tables 425-4.27). 
The obtained values of k } and k, were used to get the predicted values of 
relative viscosities at the respective concentrations. c. As can be seen (Figs. 
4.1-4.8 ). the agreement is satisfying. 
Effect of Equal Chain Length of Additives 
In order to differentiate the effect of equal chain length of the organic 
additives (alcohols. amines) on the gemini surfactants, we have compared In tlr 
values against concentration of additives (CsO1-I/C,NH,) for 0.06 M 10-2-10, 
0.02 ill 12-2-12, and 0.01 M 14-2-14 in the absence and presence of 0.002 M, 
0.002 M. 0.001 M NaSal/NaTos, respectively (Fig. 4.9-4.11). The alcohol was 
found to be more effective than the corresponding amine. —NH-, group is more 
hydrophilic than —OH group [34]. This causes higher solubility of C~NH-, than 
C OH in aqueous solution, and one can expect partitioning of C5NH2 in bulk 
aqueous and micellar phases in comparison to nearly total localization of C801-1 
in the micellar phase. Amines are found to be solubilized in anionic micelles by 
electrostatic (due to protonation 	of amine by hydrolysis. —RNI-12 + H2O --► 
RNI1;` + Oil ) and hydrophobic effects, and amine groups are left at the 
micellar surface [35]. Their partial dissociation may affect the electrostatic 
interactions with positively charged head groups of cationic gemini micelles, 
which thereby reduces the partitioning content of amine in the head group 
region. As the interfacial partitioning content of organic additives have 
significant role in micellar growth [36], a decrease in effective amine content at 
the micellar surface does not favour micellar growth to the extent of the 
corresponding alcohol. Consequently, comparatively lower viscosity values 
result in case of amines than that of corresponding alcohol. 
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Conclusion 
Micelles can be filtered with an ultra filteration membrane, which can 
filter the aggregate containing organic compounds (may be pollutants). 
Therefore. the size and viscosity of the solution are directly related to the 
performance of these methods. Thus, the importance of understanding the 
effect of alcohols: amines on the surfactant systems is self-explanatory. Also. 
today the trend has moved towards demands where lower ionic strength is 
required. as in the field of various industrial applications or reaction media. 
Thus, our viscosity results allow us to qualitatively observe and differentiate as 
how or<uanlc salts and additives could be used for viscosity enhancement in 
micellar growth of gemini surfactants. By altering the spacer and/or alkyl chain 
length of gemini surfactants, their molecular structure and physicochemical 
properties can be tailored. The presence of salts (NaSal. NaTos) at quite low 
concentrations are capable of producing significant viscosity increment by the 
electrostatic and hydrophobic effect, whereas the presence of organic additives 
(alcohols and amines) enhances s—>r transition due to the formation of mixed 
micelles. Further, a combined presence of salts and organic additives in the 
systems produce more favourable conditions for micellar growth due to 
synergism. Also, the hydrophobic interactions play a significant role in each 
case, as the micellar transition is observed more in case of longer alkyl chain 
length of additives or geminis. As regards the case of NaSal and NaTos 
addition. the former has been found to be more effective for micellar growth. 
The properties of aqueous solutions of cationic Gemini surfactants can be 
effectively modified by the addition of organic salts. Therefore, such mixtures 
are attractive in view of a potential performance enhancement of a given 
gemini structure. The relative importance of the synergistic effects depends on 
the particular pair of geminis and aromatic anion, which must be individually 
optimized for a given property. Organic additives (alcohols, amines) can be 
used as a viscosity thickening agent of surfactant solutions, which is desirable 
for various industrial applications/reaction media. However, care should be 
139 
taken in selecting an additive as regards its concentration. alkyl, and chain 
length compatibility with the surfactant. 
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Fib. 4. 1: Variation of the viscosity of the solutions as a function of the 
concentration of surfactant. 
In all cases, the symbols present on dotted lines show calculated values 
using relevant equations (Cf. Tables 4.25-4.27). The lines are to guide the eye. 
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12-?-12 surfactant solutions in the 
absence (open symbols) and 
presence (filled symbols) of (a) 
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equations (cf. Table 4.26). The 
lines are to guide the eye. 
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lines are to guide the eye. 
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lines are to guide the eye. 
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Fig. 	4.7: 	Variation 	of the 
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function of the concentration of 
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0.002 	M NaSal. 	(b) 	0.002 M 
NaTos. 
In 	all 	cases. 	the 
symbols present on dotted lines 
show calculated values using 
relevant equations (cf. Table 
4.26). The lines are to guide the 
eye. 
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Table 4.1: Variation of relative viscosity (In r1r) with the surfactant 
concentration at 30 T. 
110-2-101 
(111 
v 
0.01 
0.02 
0.04 
0.05 
0.06 
0.08 
0.12 
0.14 
0.16 
0.18 
0.20 
0.30 
In'Jr 
U 
0.06 
0.10 
U.13 
0.20 
0.29 
0.52 
1.18 
1.41 
2.04 
2.56 
10 
3.01 
turbid 
IDei'AHI 
("sI) 
0 
0.02 
0.04 
0.06 
0.08 
0.10 
0.20 
0.30 
0.40 
In 'jr  
0 
0.023 
0.042 
0.068 
0.089 
0.10 
0.30 
0.50 
turbid 
Table 4.2: Variation of relative viscosity (In ;7r) with the surfactant 
concentration at 30 °C. 
112-2-121 In 'Jr 
('%1) 
U 0 
0.005 0.0$ 
0.01 0.57 
0.02 0.69 
0.03 I.)O 
0.04 1.83 
0.05 2.86 
0.06 3.24 
0.07 4.0.E 
0.10 turhid 
IDT:ABI 
( I) 
0.02 
0.04 
0.06 
0.0$ 
0.1 
0.2 
0.3 
0.4 
In 
0 
0.15 
0.17 
0.21 
0.25 
0.30 
0.34 
0.68 
turbid 
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Table 4.3: Variation ut relative viscosity (in TI r) with the surfactant conCeiltratioll 
at 30 C. 
114-2-141 111 qY  1TT\1l In 1 
(i\1) (s1) 
0 0   O 0 
0.001 0.39 0.01 0.06 
0.003 0.69 0.02 0.10 
0.005 0.92 0.04 0.13 
0.010 1.11 0.05 0.20 
0.015 1.37 0.06 0.29 
0.020 1.98 0.08 0.52 
0.025 2.29 0.1O 1.18 
0.030 2.78 0.12 1.41 
0.035 3.05 0.14 2.04 
0.040 3.69 0.16 2.56 
0.050 4.42 0.18 3.01 
0.060 turbid 0.20 3.48 
0.30 turbid 
Table 4.4: Effect of addition of organic salts on the relative viscosity (in r],) of 
0.06 \1 10-2-10 solutions at 30 
\, SaII In ►j r INaTosi III )1r 
(11) (M) 
O 0.29 0 0.29 
0.001 0.53 0.001 0.52 
0.002 0.65 0.002 0.60 
0.004 0.67 0.004 0.63 
0.006 0.76 0.006 0.70 
0.008 0.89 0.008 0.87 
0.010 1.15 0.010 1.06 
0.012 1.30 0.012 1.07 
0.015 2.12 0.015 1.60 
0.020 2.78 0.020 2.25 
0.030 turbid 0.030 turbid 
Table 4.5: Effect of addition of organic salts on the relative viscosity (In r ) of 
0.02 Ni 12-2-12 solutions at 30°C. 
INaSall 
(ICI) 
III 'IT 
0 0.69 
0.001 0.79 
0.002 1.01 
0.003 1.80 
0,004 1.82 
0.006 2.77 
0.007 3.62 
0.005 turbid 
----- INaTasi- 
('1)  
0 
0.002 
0.003 
0.004 
0.006 
0.007 
0.00y 
0.009  
in 'Jr 
0.69 
0.83 
1.37 
2.50 
3.26 
3.59 
3.65 
turbid 
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Table 4.6: Effect of addition of organic salts on the relative viscosity (In 11,.) of 
0.01 Nl 14-'-14 solutions at 30 C. 
INaS111 1n '/r - 	I'ab0S] 111 II r  
(M1) _ (M) _ 
1.11 0 1.11 
0.0005 1.45 0.0005 1.35 
0.001 1.90 0.0010 1.60 
0.0012 2.21 0.0012 1.68 
0.0015 2.53 0.0015 1.72 
0.0018 2.64 0.0018 1.77 
0.002 2.73 0.0020 1.79 
0.0022 2.70 0.0022 1.80 
0.0025 2.76 0.0025 1.85 
0.0027 2.80 0.0030 turbid 
0.0035 turbid 
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Table 4.7: Effect of addition of alcohols on the relative viscosity (In qjr) of 
0.06 \1 10-2-10 solutions at 30 T. 
IC601-ll It 	- IC-OHI III '/r IC80111 In 11r 
(M1) (MI) (M) 
0 0.29 0 0.29 0 0.29 
0.001 0.32 0.001 0.34 0.001 0.36 
0.002 0.35 0.002 0.37 0.002 0.39 
0.004 0.38 0.004 0.41 0.004 0.42 
0.006 0.40 0.006 0.45 0.006 0.48 
0.008 0.44 0.008 0.48 0.008 0.52 
0.010 0.47 0.010 0.52 0.010 0.58 
0.015 0.52 0.015 0.59 0.015 0.60 
0.020 0.57 0.020 0.62 0.020 0.67 
0.025 0.66 0.025 0.68 0.025 0.85 
0.030 0.68 0.027 0.70 0.028 0.88 
0.032 0.70 0.029 0.74 0.035 turbid 
0.036 0.81 0.035 turbid 
0.040 turbid 
Table 4.8: Effect of addition of alcohols on the relative viscosity (in ,j r ) of 
0.02 M 12-2-12 solutions at 30°C. 
ICoOH~ 
(\I) 
In 'J r 1C-0111 
(sI) 
in 'jr f C8OH1 
(,I) 
In ?1r 
0  0.69 0 0.69 0 0.69 
0.001 0.70 0.001 0.78 0.001 0.82 
0.002 0.73 0.002 0.81 0.002 0.85 
0.004 0.74 0.004 0.86 0.003 0.94 
0.006 0.80 0.006 0.90 0.004 0.98 
0.008 0.85 0.008 0.96 0.005 1.06 
0.0I0 0.90 0.011 1.02 0.006 1.10 
0.012 0.93 0.016 turbid 0.007 1.14 
0.015 0.98 0.0076 1.16 
0.020 turbid 0.008 turbid 
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Table 4.9: Effect of addition of alcohols on the relative viscosity (in 'Ir) of 
0.01 N1 14- 2-14 solutions at 30 C. 
IC6O1II In '/ r - - 1C-OH1 In y r I( sOHI III 	h r  
(M) 
0 1.11 
(M1) 
0 1.11 
(Ml) 
0 1.11 
0.0010 1.31 0.0005 1.25 0.0005 1.27 
0.0015 1.42 0.0008 1.30 0.0008 1.30 
0.0020 1.5 0.0010 1.39 0.0010 I.37 
0.0025 1.53 0.0015 1.46 0.0012 1.48 
0.0030 1.59 0.0020 1.56 0.0015 1.53 
0.0035 1.64 0.0022 1.60 0.0018 1.63 
0.0040 1.67 0.0026 1.67 0.0020 1.79 
0.0045 1.70 0.0030 turbid 0.0025 turbid 
0.0050 1.72 
0.0060 turbid 
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Table 4.10: Effect of addition of amines on the relative viscosity (In )1r ) cif' 
0.06 \l 10-2-10 solutions at 30 °C. 
IC 6\H,l In 'Jr IC-\1-1,1 111 11,  1C 8N112 1 1n ))r 
(\1) (M) (M) 
0 0.29 O 0.29 0 0.29 
0.01 0.37 0.002 0.30 0.005 0.37 
0.02 0.40 0.004 0.32 0.010 0.45 
0.04 0.42 0.006 0.33 0.015 0.52 
0.05 0.47 0.008 0.38 0.020 0.65 
0.06 0.58 0.01 0.42 0.025 0.84 
0.07 0.61 0.02 0.58 0.030 0.95 
0.08 0.63 0.03 0.62 0.035 1.24 
0.09 0.70 0.04 0.65 0.040 turbid 
0.097 0.75 0.05 0.69 
0.12 turbid 0.054 0.67 
0.060 turbid 
'fable 4.11: Effect of addition of amines on the relative viscosity (In '/r ) of 
0.02 M 12-2-12 solutions at 30°C. 
IC 6NH,I Ill 1I r IC7N112 I In !jr (C8NII2j In '/r 
(1\1) (M) (\1) 
0 0.69 0 0.69 0 0.69 
0.010 0.70 0.001 0.75 0.001 0.83 
0.015 0.72 0.002 0.78 0.002 0.85 
0.020 0.75 0.004 0.82 0.004 0.90 
0.025 0.80 0.006 0.89 0.006 0.94 
0.030 0.83 0.008 0.93 0.008 0.96 
0.035 0.85 0.010 0.96 0.010 0.99 
0.040 0.86 0.015 0.98 0.015 1.10 
0.045 0.89 0.021 1.02 0.020 turbid 
0.049 0.90 0.025 turbid 
0.055 turbid 
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Table 4.12: Effect of addition of amines on the relative viscosity (In 1/r) of 
0.()I \1 14-2-14 solutions at 30 "C. 
ICn\II,1 In y IC-NI 121 In'Ir ICH,j In y r  
('s1) (M) (M) 
l) 1.11 0 1.11 O 1.11 
0.001 1.17 0.001 1.19 0.001 1.22 
0.002 1.2 0 0.002 1.2 3 0.002 1.2 5 
0.004 1.23 0.004 1.26 0.004 1.28 
0.006 1.2 5 0.006 1.2 8 0.006 1.3 2 
0.008 1.28 0.008 1.32 0.008 1.35 
0.010 1.35 0.010 1.38 0.010 1.42 
0.020 1.38 0.016 1.42 0.015 turbid 
0.030 1.43 0.020 turbid 
0.036 1.45 
0.040 turbid 
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Table 4.13: Effect of addition of alcohols on the relative viscosity (In 'ii) of 
0.06 NI 10-2-10±0.002 Nl NaSal solutions at 30 C. 
IC60111 In I/r 1C70111 In '/r ICsOIII In '/r 
(M) (M) (i\1 ) 
U 0.65   0  0.65  0 0.65 
0.001 0.69 0.001 0.70 0.001 0.72 
0.002 0.72 0.002 0.73 0.002 0.75 
0.004 0.75 0.004 0.8 0.004 0.89 
0.006 0.~i4 0.006 0.85 0.006 0.91 
0.008 0.87 0.008 0.88 0.008 1.00 
0.010 0.92 0.010 0.96 0.010 1.17 
0.015 0.97 0.015 0.98 0.015 1.23 
0.020 1.02 0.020 1.06 0.020 1.42 
0.026 1.08 0.023 1.20 0.025 turbid 
0.030 turbid 0.025 turbid 
Table 4.14: Effect of addition of alcohols on the relative viscosity (In /lr) of 
0.02 M 12-2-12+0.002 M NaSal solutions at 30 °C. 
IC60111 III I/ r IC70HI In IJ r [C80111 In !Ir 
0 1.01 0  1.01 U 1.01 
0.001 1.19 0.001 1.20 0.001 1.31 
0.002 1.20 0.002 1.29 0.002 1.34 
0.003 1.26 0.003 1.32 0.003 1.42 
0.004 1.30 0.004 1.47 0.004 1.52 
0.005 1.36 0.005 1.66 0.005 l.9() 
0.006 1.41 0.006 1.75 0.006 1.99 
0.007 1.47 0.007 1.86 0.007 2.20 
0.008 turbid 0.00$ turbid 0.008 turbid 
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Table 4.15: Effect of addition of alcohols on the relative viscosity (lti )Ir) of 
0.01 NI 14-'-14- 0.001 M NaSal solutions at 30 °C. 
Ict,01II 111'/r 1C701 II In 11r  1C8011  In Vi1r 
 
0 1.90 0 1.90 0 1.90 
0.0001 1.92 0.0001 1.95 0.0001 1.98 
0.0002 I.95 0.0002 1.98 0.0002 2.00 
0.0004 1.97 0.0004 2.00 0.0004 2.05 
0.0006 1.99 0.0006 2.10 0.0006 2.12 
0.0008 2.08 0.0008 2.15 0.0008 2.19 
0.0010 2.11 0.0010 2.19 0.0010 2.23 
0.0015 2.15 0.0012 2.23 0.0012 2.27 
0.0020 2.18 0.0015 2.25 0.0015 turbid 
0.0025 2.20 0.0019 2.2$ 
0.0030 2.24 0.0020 2.32 
0.0035 2.27 0.0025 turbid 
0.004 2.30 
0.005 turbid 
Table 4.16: Effect of addition of alcohols on the relative viscosity (In rl r) of 
0.06 \I 10-2-1 OF 0.002 NI NaTos solutions at 30 'C. 
IC ~C)}II In I/r [C-0111 Iii IJr IC80111 lIl 1/r 
(\1) (i's1) (\1) 
0 (l.6(1 (1  ----~-  0.60 - 0 - -0.60 
0.005 0.67 0.005 0.69 0.005 0.86 
0.010 0.70 0.008 0.73 0.008 0.96 
0.015 0.73 0.010 0.75 0.0l() 1.12 
0.020 0.75 0.015 0.78 0.015 1.20 
0.025 0.78 0.020 0.80 0.020 1.32 
0.031 0.81 0.025 0.83 0.025 1.52 
0.035 turbid 0.027 0.85 0.027 1.66 
0.030 turbid 0.030 turbid 
Table 4.17: Effect of addition of alcohols on the relative viscosity (In /,,) of 
0.02 `I 12-2-12+0.002 NI NaTos solutions at 30°C. 
IC60H1 
(MI) 
In 'J r IC70}II 
(\I) 
Iii '/r IC.80111 
(MI) 
III IJ r 
0 0.83 0 0.83 0 0.83 
0.001 0.85 0.001 1.06 0.001 1.10 
0.002 0.89 0.002 1.07 0.002 1.14 
0.004 1.01 0.003 1.10 0.003 1.22 
0.006 1.20 0.004 1.20 0.004 1.23 
0.008 1.43 0.005 1.25 0.005 1.47 
0.010 1.73 0.006 1.26 0.006 1.63 
0.012 1.82 0.007 1.46 0.007 1.73 
0.015 turbid 0.008 1.47 0.008 1.81 
0.0085 turbid 0.0085 turbid 
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Table 4.18: Effect of addition of alcohols on the relative viscosity (in 'ir) of 
O.01 %1 14-2-14+0.001 Ni NaTos solutions at 30 C. 
IC6o1I) In ,1 r IC70111 
I I) yr 
ICRo1Ij 111 y, 
(\I) (\I) (\I) 
0 1.60 0 1.60 0 1.60 
0.001 1.61 0.0001 1.63 0.0001 1.65 
0.0015 1.63 0.0002 1.65 0.0002 1.69 
0.002 1.65 0.0004 1.67 0.0004 1.71 
0.0025 1.67 0.0006 1.70 0.0006 1.75 
0.003 1.70 0.0008 1.75 0.0008 1.79 
0.0035 1.72 0.001 1.80 0.001 1.84 
0.004 1.75 0.0015 1.82 0.0015 1.87 
0.0045 1.77 0.002 1.85 0.002 1.90 
0.005 1.79 0.0023 1.37 0.0025 turbid 
0.0052 1.81 0.0025 turbid 
0.0055 turbid 
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Table 4.19: Effect of addition of anhines on the relative viscosity (in ijr) of 
0.06 N1 10-2-10+0.002 M NaSal solutions at 30 °C'. 
1C6 NII,I 111 'Ir  IC7NII71 111 !J r 1C K NII'1 111 y r  
('1) (\1) (M) 
0 0.65 0 0.65 0 0.65 
0.010 0.66 0.O10 0.67 0.005 0.71 
0.015 0.67 0.015 0.70 0.010 0.86 
0.020 0.68 0.020 0.75 0.015 0.90 
0.025 0.72 0.025 0.87 0.020 0.95 
0.030 0.75 0.0300 0.92 0.025 1.00 
0.035 0.77 0.035 1.10 0.030 1.08 
0.040 0.79 0.040 1.12 0.035 1.20 
0.044 0.83 0.043 1.15 0.041 1.33 
0.050 turbid 0.045 turbid 0.045 turbid 
Table 4.20: Effect of addition of amines on the relative viscosity (In 'fir) of 
0.02 M 12-2-1 2 + 0.002 M NaSal solutions at 30 °C. 
106\112 1 
!\11 
U 
0.002 
0.004 
0.006 
0.008 
0.010 
0.020 
0.030 
0.036 
0.040 
In /Ir  
1.01 
1.02 
1.03 
1.04 
1.07 
1.16 
1.20 
1.24 
1.26 
1.30 
turbid 
1C7Nr1 l2l 
(11) 
U 
0.001 
0.002 
0.004 
0.006 
0.008 
0.010 
0.012 
0.016 
0.020 
In 'Jr  
1.0I 
1.03 
1.05 
1.07 
1.09 
1.20 
1.21 
1.24 
1.30 
turbid 
1C8 Nx 2 1 
(M) 
0 
0.001 
0.002 
0.004 
0.006 
0.008 
0.011 
0.015 
In !/ r  
1.01 
1.08 
1.15 
1.20 
1.25 
1.34 
1.55 
turbid 
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Table 4.21: Effect of addition of amines on the relative viscosity (In sir)  of 
0.O l \1 14-2-14+0.001 NI NaSal solutions at 30 C. 
ICntiH2 I lit !Jr  I(' 	11I I[[ !/r  ICyNll,I In 'Jr 
(\1) (\l) (il) 
1.90 0 U I.90 0 1.90 
0.0I 1.93 0.00 I 1.95 0.00I I.98 
0.015 1.95 0.002 1.98 0.002 2.00 
0.020 1.98 0.004 2.04 0.004 2.10 
0.025 2.05 0.006 2.10 0.005 2.15 
0.030 2.10 0.008 2.15 0.0055 2.18 
0.035 2.13 0.011 2.20 0.006 2.20 
0.040 2.16 0.013 2.22 0.0065 2.24 
0.049 2.19 0.016 turbid 0.007 2.28 
0.055 turbid 0.0075 2.30 
0.0084 2.35 
0.009 turbid 
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Table 4.22: Effect of addition of amines on the relative viscosity (ln iir ) of 
0.06 %1 10-?-10+0.002 %/l NaTos solutions at 30 °C. 
JC6Nh121 111 !Jr (C7NII,J I11 'Jr 1C8N1121 I11 11r 
(~l) (\I) (ICI) 
0 0.60 0 0.60 0 0.60 
0.010 0.62 0.010 0.65 0.005 0.62 
0.015 0.65 0.015 0.67 0.010 0.68 
0.020 0.67 0.020 0.71 0.015 0.74 
0.025 0.70 0.025 0.83 0.020 0.78 
0.030 0.74 0.030 0.86 0.025 0.90 
0.035 0.77 0.035 0.89 0.030 0.98 
0.040 0.78 0.040 0.94 0.033 1.01 
0.045 0.82 0.043 0.98 0.037 turbid 
0.049 0.85 0.050 turbid 
0.055 turbid 
Table 4.23: Effect of addition of amines on the relative viscosity (In 17,.) of 
0.02 NI 12-2-12+0.002 M NaTos solutions at 30°C. 
106\11,1 In '/ r [C71'H2 J 111 yr JC~`HZ J In 'Jr 
(M1) (M) (`1) _ 
0 0.83 0 0.83 0 	- 0.83 
0.010 0.89 0.001 0.85 0.001 0.91 
0.015 0.92 0.002 0.89 0.002 0.95 
0.020 0.95 0.004 0.96 0.004 1.13 
0.025 0.98 0.006 0.98 0.006 1.23 
0.030 1.00 0.008 I.01 0.008 1.30 
0.032 1.02 0.010 1.05 0.010 1.38 
0.037 turbid 0.012 1.08 0.011 1.40 
0.016 1.11 0.017 turbid 
0.020 turbid 
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Table 4.24: Effect of addition of amines on the relative viscosity (In qr) of 
0.02 M 14-2-14+0.002 M NaTos solutions at 30°C 
]C6NH2] In 'Jr [C7NH2] 1111) r ]C81NH 2 1 In 'jr 
(NI) (M) (N7) 
0 1.60 0 1.60 0 1.60 
0.010 1.63 0.001 1.65 0.001 1.68 
0.015 1.65 0.002 1.68 0.002 1.72 
0.020 1.68 0.004 1.72 0.004 1.75 
0.025 1.70 0.006 1.75 0.006 1.78 
0.030 1.72 0.008 1.78 0.007 1.82 
0.035 1.73 0.010 1.81 0.008 1.85 
0.040 1.75 0.014 1.84 0.0084 1.88 
0.044 1.78 0.018 turbid 0.009 turbid 
0.050 turbid 
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"Table 4.25: Equations describing relationship between relative viscosity (,1,.) and 
additive concentration (c. NI) in 10-2-10 gemini aqueous solutions. 
Equation 
-1/ r - 0.0627e 	'4 ` (r = 0.962) 
1 r= 0.4197e 474c (r = 0.936) 
,l,. = 0.4291 eSs.493c ( r 0.923) 
,1r = 0.688e 	.` (r 0.987) 
,/r = 0.738e3t 	5 (r = 0.929) 
,/r 0.7451 e63.676C (r = 0.949) 
1r = 0.3143e" °° (r = 0.966) 
,fir = 0.3227e16.4 (r = 0.866) 
rlr = 0.2943e40.432' (r = 0.996) 
1r= 1.0782e46.2 (r = 0.920) 
I1r= 1.057e54.643c (r = 0.976) 
rl r = I .0746e'°3°''c (r = 0.954) 
ri = 0.7918e . (r = 0.986) 
11r 0.9164e ,`~ 	 4C (r = 0.910) 
'lr - 0.9184e 643 (r = 0.946) 
,lr = 0.62 61 e5.9576' (r = 0.940) 
rir = 0.5912el5.505c (r = 0.938) 
,lr = 0.6768e'6.44 (r = 0.974) 
0.5853e' 40„ (r - 0.987) 
1r = 0.5818e'2 '7„ (r = 0.969) 
,fir 0.5798e16.81SC (r = 0.986) 
System 
WVater • 10210* 
O.()6 Ni 10-2-10+NaSal* 
0.06 Ni I 0-2-10 f NaTos* 
0.06 Ni 10-2-10+Hexanol* 
U.O6 Ni 10-2-10--Heptanol* 
0.06 NI 10-2-1 0OctanoI* 
0.06 Ni 10-2-10+CNH,* 
0.06 M 10-2-10+C'-.N1l,* 
0.06 M 10-2-1 0+ C. N I I,* 
0.06 NI 10-2-10-+0.002 Ni NaSak-C(,OH* 
0.06 NI 10-2-10+0.002 N1 NaSaI -C-OH* 
0.06 Ni 10-2-10±0.002 Ni NaSaHC sOH * 
0.06 Ni 10- 2-10- 0.002 NI N aTos+C6,OI-I * 
0.06 Ni 10-2-1 0+OA)02 Ni N aTos+C-011 * 
0.06 N1 10-2-10+0.002 Ni Na"fos+CrOH * 
0.06 M 10-2-10+0.002 Ni NaSal+C6NH,* 
0.06 Ni 10-2-10+0.002 %1 NaSal+C7NH-,* 
0.06 Ni 10-2-10+0.002 Ni NaSa1+CsNH,* 
0.06 Ni 10-2-10+0.002 Ni NaTos+C6NH,* 
0.06 M 10-2-10+0.002 M NaTos - C7NH,* 
0.06 Ni 10-2-10+0.002 M NaTos-CxNl1.* 
* indicates the additive 
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Table 4.26: Equations describing relationship between relative viscosity (rl,.) and 
additive concentration (C. M) in 12-2-12 gemini aqueous solutions. 
System Equation 
Water 12 ?-l2* ~l, 0.3317e'` 	`(r = 0.945) 
0.02 NI 12-2-I 2+NaSal * rl r = 0.6944e22542 (r = 0.978) 
0.02 NI 12-2-12+NaTos* rl r - 0.6601 e241.59c (r - 0.925) 
0.02 NI 12-2-12+C,,Ol I* 1r = 0.688e 4 (r = 0.987) 
0.02 NI 12-2-12+C-OH* '1r = 0.738e31 "~ (r = 0.929) 
0.02 Ni 12-2-12+C\OH* 'ir = 0.745e63.c'76„ (r = 0.949) 
0.02 M I2-2-12±C(,NH,* 1r= 0.6734e6 	oi`(r= 0.963) 
0.02 M 12-2-12+C-NH,* i1r = 0.7568eI7.495c (r = 0.822) 
0.02 Ni 12-2-12-+-C,N1l,:K rl r -- 0.7793e25.°3 (r = 0.838) 
0.02 ISM 12-2-12+0.002 M NaSal-C(,011* ilr = 1.0782e46.2 (r = 0.920) 
0.02 NI 12-2-12+0.002 N1 NaSa1-C-OH* I1r = 1.057eS4 43` (r = 0.976) 
0.02 NI 12-2-12-0.002 Ni NaSal--C~OH* Il r = 1.0746e O4c (r = 0.954) 
0.02 Ni 12-2-12+0.002 Nl Na"1'us- C(,O11* Il r = 0.7918e72 062c (r = 0.986) 
0.02 NI 12-2-12+0.002 M Na"1'os+C-;01- * hl r = 0.9164e614` (r = 0.910) 
0.02 NI 12-2-12+0.002 Nl NaTos+Cs011* qjr = 0.9184e 43c (r = 0.946) 
0.02 NI 12-2-12+0.002 NI NaSal-C6NH.* Ilr- 1.0386e74` (r = 0.840) 
0.02 Ni 12-2-12+0.002 Ni NaSal-C7NH,* Il r = 1.0124e 63 (r = 0.962) 
0.02 NI 12-2-12+0.002 M NaSal-CsNH,* 11 r = 1.0351e15.05 (r = 0.973) 
0.02 NI 12-2-12+0.002 M N 1i'os-C(,N H,* 'l r = 0.8341 e63005' (r = 0.996) 
0.02 Ni 12-2-12+0.002 Ni N:iFos--C7NH,* i1r = 0.8575e 	60(c (r = 0.932) 
0.02 Ni 12-2-12+0.002 NI NaTOs+CsNH,* il,. = 0.8755c47 (r r = 0.951) 
indicates the additive. 
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Table 4.27: Equations describing relationship between relative viscosity (r7,.) and 
additive concentration (c. NI) in 14-2-14 gemini aqueous solutions. 
System Equation 
Water-14-2-14* 44 r1r -0.7119.e -'' 	c  (r = 0.973) 
0.01 NI 14-2-14+NaSal* , 	- 1r _ 1.2837e'''' (r= 0.8)5) 
0.01 Ni 14-2-14+NaTos* r1,= 1.2299e'()'.'c (r = 0.860) 
0.01 NI 14-2-14+ C 6OH* rl r = 1.2105e 1.1u`" (r= 0.867) 
0.01 NI 14-?-14+C701 I * 1r= 1.1497e'''''" (r = 0.975) 
0.01 NI 14-2-14+ C 801I* ,1r = 1.109e 3' (r - 0.982) 
0.01 N1 14214+ Cr,NH)* ►lr = I.1879e6.4i45: (r - 0.839) 
0.01 ICI 14-2-14+ C,NI-I,* rl r  = 1.1703e' 3 `'"` (r == 0.882) 
0.01 	hit 14-2-14+ C x NH,* rl r - -  1.1674e' 99  (r - 0.885) 
0.01 NI 14-2-14+0.001 Ni NaSal+C,,OH* r1r = 1.9512e4` '' 42 '` (r=0.909) 
0.01 Ni 14-2-14+0.001 Nil NaSal+C-01-1 * 1r= 1.9483e94'77,xL (r = 0.929) 
0.01 N1 14-2-14+0.001 NI NaSal+C OE1 * rl r = 1.9352e142.1" (r = 0.975) 
0.01 NI 14-2-14+0.001 NI NaTos ► C,,01-1 * rl = 1.577e'5 '3o3c (r - 0.980) 
0.01 NI 14-2-14+0.001 Iii NaTos f C-011* r1r = 1.6314e 2`  (r = 0.923) 
0.01 N1 14-2-14+0.001 NI NaTos+C,,OH* 11r = I.6498cS2.64` '` (r=0.902) 
0.01 N1 14-2-14+0.001 tit NaSa1+C,,NI- I,* r7 r = 1.8781e'' ;;  r8`  (r=0.960) 
0.01 NI 14-2-14+0.001 M NaSal I C,NI-I,* Ir = 1.9306c I1.92c (r = 0.963) 
0.01 N1 14-2-14+0.001 Ni NaSal+C H NH,* rl r = 1.9087e24.5 5c (r - 0.994) 
0.01 NI 14-2-14+0.001 Ni NaTos+C( ,NH,* ,1r = 1.5968e'38 ,`;` (r- 0.990) 
0.011 114-2-14+0.001 NI NaTos+C NH,* r1r = 1.637e9'5203`  (r - 0.928) 
0.01 \1 14-2-14+0.001 NI Na'I'os+C s NH,* rl r = 1.635e' 4' (r = 0.942) 
* indicates the additive. 
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Chapter V 
Micelrtzation andAggregation Behaviour of 
a Series of cDicationir gemini Surfactants 
(10-2-10, 12-2-12, 14-2-14, 14-4-14, 14-5- 
14, 14-6-14, 16-4-16, 16-5-16 and 16-6-16) 
on their Interaction with a Biodegrada6Ce 
Sugar-BasedSurfactant (Octyf-fl-tD- 
glucopyranoside)- 7enswmetric and 
Viscometric Studies 
Introduction 
Keeping in view the environmental problems, it is possible to substitute 
environmentally hazardous chemicals with more benign species without 
compromising their performance. Surfactants are usually toxic to aquatic 
organisms and must be removed from waste water. As of today, therefore, the 
development of environmental friendly cleavable surfactants is in vogue. This 
way complication of foaming or formation of unwanted stable emulsions after 
the use of surfactant formulation can he avoided. The presence of weak bond in 
between the polar and the nonpolar parts of the surfactant molecule leads to its 
cleavage. This primary degradation of the molecule leads to destruction of the 
surface activity. The ultimate decomposition may then follow via varying 
routes [l]. 
In this context., sugar-based surfactants containing alkylglucoside and 
alkylmaltoside (where a surfactant molecule consisting of a hydrocarbon chain 
is linked to a sugar moiety by an anomeric carbon) have attracted increasing 
interest, as they are nontoxic, biodegradable, dennatologically compatible, 
highly surface active and, most importantly, are produced from renewable 
resources [2-4]. Usually, alkylglucosides are formed by direct condensation of 
glucose and a long chain alcohol using an acid catalyst. These alkylglucoside 
surfactants break down into glucose and long chain alcohol under acidic 
conditions. Their cleavage profile along with their relatively straightforward 
synthetic route makes these surfactants interesting candidates for various types 
of cleaning formulations [5]. 
Gemini surfactants are also at the leading edge of the surfactant 
technology. As they show higher functionalities, much reduced amount of 
gemini surfactants are consumed, which leads to the savings of carbon 
resources and production energies, making them more applicable and 
environmentally desirable. Thus, gemini surfactants are also considered as 
`green surfactants' 16]. 
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In practical fields, the mixed surfactant systems work better than the 
simple ones, as various kinds of combinations are possible with different 
properties and applications. Due to existence of synergism. inked surfactant 
systems have received wide attention in academic and commercial circles with 
efficient solubilization, dispersion. transportation and suspension capabilities 
[7]. 
The best example of mixing is of ionic and nonionic surfactants. This is 
due to the complimentary behaviour in the mixed inicelles gig ine rise to a 
reduction in CMC values [8]. Most of' the studies have been conducted in 
absence of' salts. However, for the evaluation of interaction parameters for the 
ionic—nonionic surfactant mixtures. using Rubingh's and Rosen's models, the 
ionic strength is kept constant because variation of electrical contribution of 
surfactants toward miccili ation has been ignored in these calculations [9,10]. 
This was the reason for the use of swamping amount of electrolyte in all the 
solutions in the present study. 
Thus. in order to develop environmental friendly Surf -actant systems with 
low intrinsic toxicity. use of biodegradable sugar-based surfactants and genlini 
surfactants are one of the promising options for mixed micelle formation. From 
the past few years. only limited studies have focused on the elucidation of the 
behaviour ot'sugar-teased and -ernini'conventional surfactants [ 1 1-21)]. 
With the hope that it thorough investigation and a comparative study 
among the mixed nticellar properties of various co-surfactants with nonionic 
sugar surfactant would allow their appropriate applications on fundamental 
basis and industrial fields, the present study was conducted, where the role of 
head group as well as hydrophobic tail modification on the mixed micelle 
formation was taken into account. For this purpose, a series of 
diyuaternary gem ini surfactants: u,(')- bis(.V-alkyl-:V,.V-dimcthylanlillnillunl) 
alkanc dibromides of varying alkyl chain length and spacer (nl 	10. I2. s = 2; 
m ￿ 14, s — ?. 4. i. 6; in = 16, s = 4, 5. 0) and their interaction with it common 
sugar-based surfactant: octyl-[3-D-glucopyranoside (13-C G`) in 5 ulN,l NaBr was 
studied by tensiomctry. The results are evaluated on the basis of' Regular 
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Solution Theory (RST) [ 101. At 5 mM NaBr the ionic strength remains 
constant to ensure the validity of estimated parameters using such theories. For 
the sake of' comparison, the mixed I111cC111LatIOIl studies with the monomeric 
counterparts 	(ciccyltri methyl ammmniui n 	hr)mide. 	DeTAB. 
efodecyltrinlethylallrlrihIrruWi bromide: DTAB, tetradecyltrinlethylanlmoniuln 
bromide: TTAB. ce:tyltrinlethylalnmunium bromide: CTAB) have also been 
Illade. 
Morphology of gemini aggregates in aqueous solutions have been found 
to he in direct correlation with DNA transfection efficiency [2 11. Therefore, 
studying the morphology of' the gemini surfactant systems in the present case 
can be regarded as an initiative towards the development of gene transfection 
efficiency. In this endeavour, viscosity measurements of cationic gemini 
surfactants were also performed in presence of 10 mM 
octyl-(~-D-glucopyranoside ([3-05G) in 5 mM NaBr at 30 °C. 
The values of surface properties (viz., I1( - M1lc, 1 ax, A„t; ,;, thermodynamic 
parameters: AG , AG;,~.. G.,,.,,• _\G ., .) and the parameters of mixed 
m 	~d 	nt 	m ' 	m 	~ C , 	 and 1111CGIIlZatle)n (viz., t 	X 	~3 , /, 	/_ h I 	P3 	i,`' 	/ ° ), obtained 
in presence of 5 mM NaBr for pure surfactants as well as at different mole 
fractions of the surfactant t (~-CsG solutions, are collected in 'Tables 5. I and 5.2. 
Results and Discussion 
the reported surface tension method is extremely useful. It is an 
important tool for the quantitative determination nationn Of surface composition of ' it 
range of surfactant mixtures. By analyzing meticulously the surface tension 
data, collective information of surface composition and phenomena underlying 
adsorption of surfactants at the air'\eater Interface for binary surfactant 
mixtures can be obtained. In order to provide it detailed discussion, this section 
has been divided into following subheadings: 
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Solution properties 
Figs. 5.1-5.9 show the plots of surface tension (y) vs. fog surfactant 
concentration for pure and mixed systems of DcTAB, DTAB, TTAB, CTAB. 
10-2-10, 12-2-12, 14-2-14, 14-4-14, 14-5-14, 14-6-14, 16-4-16, 16-5-16, 
16-6-16 and [3-CSG in the presence of 5 mM Na13r. A decline in surface tension 
is observed with increase in concentration of surfactant. At low concentration, 
surfactant molecules adsorb at the air/water interface until the surface of the 
solution is completely occupied. Further, when the excess molecules tend to 
self-associate in the solution to form micelles, the surface tension becomes 
constant. The CMC values of pure surfactants agree well with the literature 
[20,22.23]. The CMC values of gemini surfactants are much smaller than those 
of the corresponding monomers because of the presence of two hydrophobic 
tails which result in increase in the hydrophobic interactions and distortion of 
the water structure more than their monomeric analogs. The CMC values 
decrease with increasing concentration and alkyl chain length of surfactants, 
whereas increase in spacer chain length of surfactants results in CMC increase 
(fable 5.1). Therefore, it can be inferred that gemini surfactants with less 
hydrophobic spacer (s value small) and more hydrophobic alkyl tail (tn value 
large) reduce the surface tension more efficiently. 
Fig. 5.10 shows the CMC values of various binary mixtures of 
monomericldimeric surfactants and p-CG in the presence of 5 mM NaBr 
solution at their different mole fractions obtained by tensiomctric 
measurements (see Table 5.1 also). The trend observed for reducing CMC as a 
function of mole fraction is: 16-4-16 > 16-5-16> 16-6-16> 14-2-14 > 14-4-14 
> 14-5-14 :-- 14-6-14 > 12-2-12 > 10-2-10 and CTAB = TTAB > DTAB > 
DeTAB. The CMC values of each mixture vary non-linearly with respect to the 
change in bulk mole fraction. The remarkably low CMC values with 16-s-16 
are due to greater hydrophobicity of the gemini, as the longer hydrocarbon 
chains break more 'structured water' (as compared to other surfactants), which 
increases entropy of the system. As already stated, the spacer chain length 
governs the CMC of gemini surfactants. Also, the tendency of lowering the 
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CHIC was found to increase due to conformational changes occurring in the 
,pacer. For short spacer (s = 2). it was observed that due to short distance the 
hydrophohic interaction increases, as a result. the hydrophobic hydration 
surrounding the alkyl chain is restricted and electrostatic repulsion between 
them decreases, giving rise to lower C N1C values. For spacers of upto 6 carbon 
atoms conformational effect exists [241. A preferential cis conformation of the 
gemini monomers (with s 5 6) may result in slightly less negative \G°, (free 
energy to transfer a surfactant monomer from the aqueous phase to the 
micellized state) and slightly higher CMC. I6-4-16, being more rigid than 
16-6-16. is expected to be less compatible for the aggregation. While for 
s = 4-6, the spacer chain tends to remain in an extended conformation, where 
the spacer comes in contact with bulk water and hydrophobic hydration is 
increased and hence the micellization is delayed. It implies that the surfactant 
reduces the surface tension more efficiently when the spacer is short. 
Surfactant-Sur octant Interactions 
It is reported in the literature that the ion—dipole interactions observed 
for the ionic—nonionic surfactant mixtures are stronger as compared to 
corresponding dipole—dipole. dipole—induced dipole interactions for a 
nonionic—nonionic surfactant mixture [ 18,25]. The interactions of the cationic 
convcntionaI,'gemini surfactant, with the sugar-based surfactant ((3-CG I in the 
formation of mixed micelles can be interpreted in the following \\•a): the 
nonionic sugar su-Caetant has a large number of hydroxyl group (—OH) 
containing oxygen atoms with lone pair of electrons and will have tendency to 
interact with the positively charged nitrogen atoms ( N') of head group of 
cationic surfactants (convcntional!gcnlinis). Moreover. different head groups at 
the micellar surface reduce the steric repulsion by adjusting their 
conformations. Both partial neutralization and reduction of steric repulsion 
form stable mixed micelles. I)ue to the presence of' dimeric head groups in 
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combination with those of bulky sugar surfactant head group in the Stem layer 
of the mixed micelles, a nonideal behaviour is expected in the mixed state. 
A decrease in the CMC values of the mixed systems is observed by 
increasing the mole fraction of cationic gemini surfactants (u i ). A deviation in 
the experimental CMC value from the corresponding ideal mixing can be 
evaluated by applying Clint equation [26], (see Eq. 3.3, Table 5.1). A negative 
deviation of CMC values from ideality is interpreted in terms of attractive 
interaction among the two mixed components, which definitely is the case 
when we move toward higher chain length gcutinis. Generally, the factors 
responsible for a negative deviation in CMC values of mixed systems of ionic 
and nonionic surfactant are: (I) a reduction in the Coulombic repulsions among 
the ionic head groups by intercalation of non-ionic components (stabilizing the 
mixed micelles) and, (2) the ion-dipole interactions between the head groups of 
the two components. Thus, mixed micellization is favoured resulting in a 
decrease in CMC values. However, the second factor is not as important in case 
of cationic-nonionic systems to that in case of anionic-nonionic system [18]. 
The weaker interaction in cationic-nonionic system is attributed to the fact that 
the nitrogen atom in the hydrophilic group of cationic surfactants is screened 
by the presence of methyl groups that hinder the formation of ion-dipole 
interaction [18,27]. A large difference in CMC and CMC* values is attributed 
to the stronger interaction between the two components. In the present case, the 
maximum difference is found with the longest spacer (s = 6). It is due to the 
fact that an increase in spacer chain length increases the surface charge density 
of the micelles. Thus, 14-6-14 interacts more strongly with the sugar-based 
surfactant as compared to the other short spacer geminis (s — 2, 4, 5). Similar 
trend is observed in case of 16-s-16+(1-C;G systems. 
As the Clint's model neglects the interaction among the two components 
in mixed micelles and only gives an idea about the nature of interaction 
between the mixed amphiphiles, a further quantitative interpretation of the 
qualitative results was done on the basis of RST. 
178 
Rubingh's approach [9] gives an idea about both the nature and strength 
of the interactions of the mixed systems and the relevant equations (3.4) and 
(3.5) are given in Chapter III. 
According to RST, the molecular interactions responsible for 
stabilization of the mixed micelles are electrostatic in nature. However, as all 
the geminis used in the present study have the same head group, they only 
differ in alkyl chain length. Thus, the experimental data are explained on the 
basis of steric effects. 
In all the cases. the values of Xi" increase with increasing mole fraction 
of cationic surfactants (Table 5.2). In our case, as the concentration of cationic 
surfactant increases, their concentration in mixed micelle also increases. At low 
a1 , X," values are greater than a values suggesting that even at low 
concentration of ionic surfactants (where concentration of nonionic sugar-based 
surfactant is high), the contribution of cationic surfactant in mixed micelle 
formation increases. At high u,, X," values become smaller. No regular trend 
of Xi" is observed with increasing spacer chain length. As the chain length of 
surfactant increases. Xi° values increase. This is due to increase in 
hydrophobic character of surfactants (both conventional and gemini) which 
results in greater participation of these surfactants in mixed micelles. Gemini 
surfactants, due to their higher hydrophobicity, participate more in mixed 
micelles (X," values are higher for geminis). However as the spacer length 
increases, X;" values, in general, decreases. It is well known that increase in 
spacer increases the surface charge density. Therefore electrical repulsions 
would be greater in geminis with s = 6 and these geminis would participate less 
in mixed micelles. 
Table 5.2 hears the values of fin.  The /f parameter measures the 
interaction among the components after mixing relative to their self-interaction 
under the same conditions before mixing. 
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The calculated values of j3 are listed in Table 5.2. It is clear that the i 
values are always negative for all the studied mixed systems indicating that the 
interactions between the two components in the mixed micellar phase are less 
repulsive than the interactions occurring between the individual components. 
Higher negative values of /1 indicate strong attraction between the different 
components in the mixed micelles while, values close to zero indicate 
approximately ideal mixing [28.29]. The results show that fi, although not 
constant, is negative throughout the concentration range and over the different 
mole fractions in the binary systems, suggesting strong synergism in the mixed 
micelle formation. The existence of synergism in mixtures of surfactants 
depends not only on the strength of interaction between the different molecules, 
but also on the associated properties of each surfactant in the mixture [30]. In 
the studied binary systems, comparing the ,B values reveals that the least 
synergism is observed in conventional-1$G systems, (low /1 values), while the 
most synergistic effect occurs in gentini-(38G binary systems. The highest 
synergistic effect in the latter system is attributed to the homogeneity between 
the hydrophobic chains of the different surfactants participating in the 
formation of mixed micelles. Consideration of tail-tail interaction was 
neglected by Rubingh in the treatment and explanation of the synergistic 
mechanism [31] Later on, several investigators [32-35] proved that the 
synergistic effect is a result of both head group-head group and tail-tail 
interactions (hydrophobic interaction). However, with higher chain length 
surfactants (in — 14. 16), more negative f values are obtained in case of 
geminis, which shows stronger interaction of gerninis with 13-C8G as compared 
to their monomeric analogues. 
Micellar mole fraction at ideal conditions, X; . values are calculated using 
equation (5.1): 
Xta = 	a1CMC, 	
5.1 
a1CMC7+a,CMC1 	
( ) 
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In most of the cases, the X,° values are greater than X,'" values. In surfactant 
mixtures. the component with the lower CMC is usually dominant in mixed 
micelles and at the air/water interface due to its higher surface activity. As the 
CMC values of cationic surfactants are lower than the [3-05G surfactant, the 
mixed micelles should ideally contain more cationic surfactants, which indeed 
are observed in the present case. Greater hydrophobicity of cationic surfactants 
and rigid structure of sugar-based structure are also one of the reasons for less 
contribution of Si-Cs(i surfactant as compared to an ideal state. It is also 
observed that the composition of the mixed micelle is clearly dependent on the 
alkyl chain length of ge ninis. For a fixed composition of the bulk, with 
increasing alkyl chain length of gemini, the participation of the ionic 
component in the mixed micelle increases. 
Zhang etal. [ 18] have reported that the presence of salt reduces synergy 
between the surfactants and less negative f1 values are obtained. In the present 
case the decrease is attributed to the charge neutralization by negatively 
charged counterions for cationic surfactant—p-C8G mixtures. Thus, electrostatic 
interaction in synergism is also of significance. 
For mixed monolayer, Rosen's approach [ID] is applied as per equations 
(3.6) and (3.7). 
In most of the cases, Xi values increase with increase in a, values. 
Also, with increase in alkyl tail of geminis, X, values increase (Table 5.2). 
For systems with low a, values, Xi values are greater than a1 , whereas for 
higher a,, the values become smaller than ai . Thus, at low a, values, the 
contribution of cationic surfactant in mixed monolayer formation increases as 
compared to nonionic surfactant. In most of the cases, however, at a, — 0.8, the 
contribution of cationic surfactant becomes lower in mixed monolayer 
formation. In most of the cases, the negative value of /)° increases with 
increasing mole fraction (Table 5.2). 
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However. overall it was observed that the interactions of cationic 
surfactants with 13-C.G in the mixed micelles are weaker than in the mixed 
monolayer at the aqueous solution air interface, i.e.. fl"' values are less 
negative than JJ r values. Seemingly. steric factor plays an important role here. 
Greater difficulty of incorporating the hydrophobic groups into the convex 
mixed micelles compared to that of accommodating them at planar interface 
gives rise to more negative /a rt values than /3" 
The most effective parameter which explains the extent of interaction 
between the different surfactants incorporated in the mixed micelles is the 
activity coefficient f. I. which relates to the interaction parameter through 
equations (3.8-3.1 I ). 
In most of the cases the calculated values of the activity coefficients of 
sugar surfactant (ti) are found to be smaller than that of the gemini surfactants 
(/) (Table 5.2). which is less than unity. indicating nonideal behaviour and 
synergistic interaction between the two components in the mixed micelles. 
The greater the value of' interaction parameter. the greater the extent of 
nonideality in the system and smaller the value of activity coefficients. 
Adsorption at the Air-Water Interface 
The surface excess ( / 	 • nlul in) is an effective measure of' the 
adsorption at the air''water interface. The concentration of the surfactant is 
always more at the surface than that in the bulk. The surface excess (1-,,,) and 
minimum surface area per molecule (.-1„> ~„) values were calculated using the 
Gibbs adsorption equations (3.12) and (3.13) [361. It is seen that the t;,,,r 
values increase with increase in mole traction of the surfactants (l'ahle 5.1); 
this shows that the surfactant solution mixtures have greater preference to get 
adsorbed at the air'water interface compared to a pure surfactant solution. With 
increasing alkyl chain length and with decreasing spacer chain length. I iax 
increases. The ''mu 	In presence of 5 mil NaBr for -CG (37.407 A) is 
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smaller than that calculated in pure water (i.e., 151.69 A2), which indicates 
more tightly packed surfactant curvature in the presence of salt due to the 
compression of the electrical double laver of [ -C,G. \Vith increasing mole 
fraction of surfactants. .-1, decreases due to the closer packing of the 
surfactant ions on the surface and therefore the orientation of the surfactant 
molecules at the interface is almost perpendicular to the interface [37]. An 
increase in alkyl chain length of surfactants and a decrease in spacer chain 
length of geminis also give rise to a decrease in .-t m ~ n values (Table 5.1). 
The values of' the surface pressure at ('MC (l7c.\►c ) were obtained by 
using equation (3.14). It is observed that, with increasing alkyl chain length of 
cationic surfactants and with decreasing spacer chain length of geminis, the 
/7(.„( values increase, indicating that the efficiency of the system increases, the 
trend being: CTAB > TTAB > DTAB > DeTAB and 16-4-16 > 16-5-16 > 
16-6-16 > 14-2-14> 14-4-14 > 14-5-14> 14-6-14 > 12-2-12 > 10-2-10. 
'I'hermodvnamics of Bulk and Interfacial Phenomena 
In order to quantity the effect of f -C,G in the mixture of 
cunventional/gemini surfactant micellization, the standard Gibbs energy of 
micellizatiun. AG;;, , [38]. and the standard (Tibbs energy of adsorption, AG;, 
[39]. were calculated by equation (3.16). 1lowever, in these systems one 
component is non-ionic whose C\IC cannot be evaluated using conductivity 
method. Also, these mixed systems contain a swamping electrolyte. Therefore, 
C`IC. value (and g values) cannot be obtained reliably from conductivity 
measurements and we performed only tensiometry can these systems. Hence, to 
calculate AG;;, . equation (3.15) was modified to 
AG;;, 	RIIn X('\tc 	 (5.2) 
The gemini surfactants are found to be more efficient in micelle 
formation than the corresponding monomeric surfactants. "l'his is due to the 
more negative values of Gibbs free energy of micellization. 
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The values of standard Gibbs energy of micellization ©G n are expressed 
per mole of alkyl chain in order to provide comparison of results for different 
types of surfactants used. Generally, with increasing alkyl chain length and 
with decreasing spacer chain length, more negative values of 6G;;, are obtained. 
All the negative values of AGE evaluated for the studied systems by using 
equation (5.2) (Table 5.1), indicate the micellization process to be spontaneous 
in the medium. The AG', values were further used to calculate AG;,, 
(Eq. 3.16). These 4G„(Table 5.1) are also negative and larger in magnitude 
than AG°n . This suggests that the molecules are preferably adsorbed at the 
interface due to their hydrophobicity and once the saturation at the interface 
takes place, these molecules aggregate to form micelles in the bulk. 
As proposed by Sugihara et al. [40], a thermodynamic quantity for the 
evaluation of synergism in mixing, G,,;,,, is defined as the work required to 
make an interface per mole or the free energy change accompanied by the 
transition from the bulk phase to the surface phase of the solution components 
and can be represented as: 
Gmin = amm YCMC NA 	 (5.3) 
The G, values are found to decrease with increasing mole fraction of 
surfactants. Hence, the lower values of Gm; fl signify the more 
thermodynamically stable surface formation (Table 5.1). 
The activity coefficients values are further used to obtain the excess 
Gibbs energy of mixed micelle formation using equation (5.4) (Table 5.2): 
AGx =pr[Xr In (7"±( I—X i )In f; 	 (5.4) 
These are always negative (Tables 5.2) and their absolute values 
increase with increase in surfactant concentration. The values suggest that 
mixed micelle formation is more spontaneous than micelle formation of pure 
components. Also, the magnitude of AG, is smaller for gemini than for 
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conventional surfactant which again supports the explanation that mixed 
mieellization is somewhat difficult with geminis. 
Morpholoeieal Study 
Unlike conventional monomeric surfactants, where the aggregation 
behaviour is controlled by the intermolecular interaction of the surfactants and 
their interactions with solvents, intramolecular interactions are also added in 
case of gemini surfactant solutions due to possessing unique structural 
variations: their aggregation ability and aggregate structures can he more 
effectively adjusted through changing their molecular structures compared with 
the corresponding monomeric surfactants. 
Of the two main factors responsible for micellar growth one is the 
electrostatic repulsion originating from intennicellar and intramicellar 
Coulombic interactions which favours micelles with a high surface area per 
head group (i.e., spherical miceile) and the other is hydrophobic interactions 
between the hydrocarbon portions of the micelles. Surfactant solutions having 
spherical micelles are isotropic in nature and have low viscosity, whereas, on 
the formations of anisotropic micelles (e.g., rod shaped/nonspherical), a distinct 
rise in the viscosity of the solution occurs [4l). Therefore, viscosity 
measurements can be used for the monitoring of morphological transition in the 
surfactant solutions (e.g., spherical to nonspherical). 
The viscosity mcasurentcnts of cationic gemini (in — 10, 12, s = 2; 
to = 14, _r = 2, 4, 5, 6; in = 16, s = 4, 5, 6) were performed well above their 
CMC values (? 100 times) with 10 ntM (3-CG in presence of 5 mM Na13r 
aqueous solutions at 30 °C, which ensures that the viscosity values obtained are 
of aggregate assemblies of surfactants. The viscosity increases with an increase 
in the concentration of gemini surfactants (Tables 5.3-5.5 and Fig. 5.1 1). 
On comparing the systems having geminis of different alkyl chain 
length it is observed that the relative viscosity increases gradually with 
concentration but increase is more pronounced in case of surfactant with longer 
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chain length (nt — 10 < 12 < 14 < 16). Increasing the amount of nonpolar 
material with increasing alkyl chain length of geminis in the system will result 
in an increase in nticellar size due to hydrophobic interaction between the 
hydrocarbon tails and the aqueous solvent molecules. Hence, it can be stated 
that if the hydrocarbon part is longer, the surfactant is adapted to rod-like 
micelle better than to a spherical micelle, which is well reflected from our 
viscosity results. A rapid increase in viscosity in case of in = 14, 16 indicates 
that rod-like micelles are formed at much lower concentration as compared to 
other surfactants with shorter hydrocarbon chain (rn = 10, 12) [42]. Therefore, 
an increased hydrophobicity in case of longer alkyl chain gemini is mainly 
responsible for the more pronounced micellar growth (as depicted by high r1r  
values, Tables 5.3-5.5 and Fig. 5.11). 
The spacer had been found to manipulate the hydrophobic interactions 
as well as to constrain the electrostatic repulsions between charged head groups 
[431. Spacer can be long, short, flexible, rigid, hydrophilic/hydrophobic. The 
most important effect of spacer is the one governed by its change in length. 
Upon aggregation, the conformation of gemini surfactant changes. In 
free state, the gemini surfactant molecules tend to adopt the conformation in an 
aggregate where two alkyl chains are tightly packed, and, depending on the 
hydrophobicity of the spacer, the spacer is progressively incorporated into the 
aggregate hydrophobic core. 
On comparing genrinis of different spacers, it was found that the 
viscosity enhancement was more with decreasing spacer chain length 
(i.e., s = 2>4>  5> 6) (Tables 53-5.5 and Fig. 5,11). The conformation of the 
gemini molecule depends on the length and type of the spacer moiety. This 
reflects the ability of short spacer geminis to form micelles of very low 
curvature at fairly low concentrations [44]. 
With short spacer length, the geometrical constraints are increased in the 
formation of aggregates. In case of s = 5, 6, comparatively slow increase in ri, 
values with gemini surfactant concentration is observed. The effective head 
group size of the gemini surfactant is monitored by the spacer chain length 
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[45]. Lesser head group size enhances the tendency of micellar transition more 
as compared to that of large headgroup size. This is clearly reflected by a large 
increase in q, values with s = 2, 4. However, for s — S, 6, larger concentration 
might be needed to cause micellar shape transitions (Tables 5.3-5.5 and Fig. 
5.11). 
Within geminis. due to different spacers and alkyl chain lengths. the 
viscosity of the surfactant is not the same even at their same concentrations. 
Our results are in line with earlier observation [44], suggesting that gemini 
surfactants with short spacers have a very strong tendency for micellar growth. 
Fig. 5.11 shows that die s-->r transition concentrations increase with 
spacer (s). This is duo to the sterie effect caused by an increasing flexibility of 
the s bridge, which permits a closer approach of the two ammonium head 
groups of the gemini surfactant molecule. On the other hand, a comparatively 
longer bridge (spacer) keeps both the ammonium head groups separated and 
hence, reduces the tendency for micellar transitions, 
The plots of the relative viscosity vs. concentration of gemini surfactants 
in presence of 10 mM 13-CBG in 5 mM NaBr were tilled in empirical correlation 
(equation 4.1). For all the systems the mean absolute deviation (MAD) was 
found to be less than 21.98% (Tables 5.6). 
The relative viscosity values were obtained from ki and k, at their 
respective concentrations, c, which are shown by dotted lines in the Fig. 5. 11, 
which show good agreement. 
As proposed by lsraelachvili et al. [46], the micellar shape is mainly 
governed by the geometry of the surfactant and its packing. The micellar 
growth (spherical-nonspherical) causes an increase in the surfactant packing 
parameter, Rp (= VH/a„ la ). Thus, a reduction in A is larger in case of shorter 
spacer, which is strongly evidenced by progressive increment in ri g values 
(Fig. 5.11). This is supported by data given in Table 5.1. 
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Conclusion 
The interaction of a series of diquaternary gemini surfactants; 
a,w- bis(~v-alkyl-N,N-dimethylammonium)alkane dibromides of varying alkyl 
chain length and spacer (m — 10, 12, s = 2; in = 14, s = 2, 4, 5, 6; 
to = 16, s = 4, 5, 6) with a common sugar-based surfactant 
octyl-~3-D-glucopyranoside ((i-C8 G) in 5 mM NaBT was investigated. The trend 
observed for reducing the CMC as a function of mole fraction is: 16-4-16 > 
16-5-16 % 16-6-16 > 14-2-14 > 14-4-14 > 14-5-14 > 14-6-14 > 12-2-12 > 
10-2-10 and CTAB > TTAB DTAB > DeTAB. With increasing alkyl chain 
length of cationic surfactants and with decreasing spacer chain length of 
geminis, the IIaic values increase, indicating that the efficiency of the system 
increases. The I'max values increase with an increase in mole fraction of 
surfactant. The surfactant solution mixtures have greater preference to get 
adsorbed at the air/water interface compared to a pure surfactant solution. With 
increasing mole fraction of surfactants, Am i n decreases due to the closer packing 
of the surfactant ions on the surface and therefore the orientation of the 
surfactant molecules at the interface is almost perpendicular to the interface. 
An increase in alkyl chain length of surfactants and a decrease in spacer chain 
length of geminis also give rise to a decrease in A m;,, values. A large difference 
in CMC and CMC* values is attributed to the stronger interaction between the 
two mixed components. It is due to the fact that an increase in spacer chain 
length increases the surface charge density of the micelles. Thus, 14-6-14 
interacts more strongly with the sugar based surfactant as compared to the other 
short spacer gentinis (s — 2, 4, 5). Similar trend is observed in case of 16-s-16 + 
(3-C8G systems. With increasing mole fraction, more negative /i values suggest 
stronger interaction with [3-CG. which is observed in higher chain length 
cation e surfactants (m — 14, 16). Also, geminis show stronger interaction of 
with O-CG as compared to their monomeric analogues. The cationic 
surfactants studied and their mixtures with (i-C8G have a greater preference for 
adsorbing at the air/water interface relative to mixed micelle formation. In this 
regard, gemini surfactant-(3-C80 mixtures are found to be more effective, as 
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indicated by more negative ,B values than pm• Large viscosity values with 
longer alkyl chain length geminis (m = 10 --- 12 ' 14 < 16) are clue to the 
increase in stability of the m-s-Ill surfactant monolayer with increasing 
hydrophobic chain length as a consequence of stronger hydrophobic 
interaction, which confirms more pronounced micellar growth. More 
pronounced viscosity enhancement With decreasing spacer chain length 
(i.e.. s - 2 > 4 > 5 > 6) reflects stronger ability of short spacer geminis to form 
larger assemblies. 
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Table 5.1: Surface properties (CMC. CMC, 11('y ►~'.1 a~, .9~~~ n, G11. AG and and AG ) for mixed conventional gemini 
surIaetant-sugar-based surfactant (~-CG) systems at 30 cC in 5 mM NaBr solution. 
C1►C 
(m11) 
0.0 
	
13.182 
0.2 
	
6.165 
	
14.447 
0.4 
	
5.128 
	
15.980 
0.6 
	
4.466 
	
17.877 
0.8 
	
4.168 
	
20.284 
1() 
	
23.442 
0.2 
	
3.548 
	
12.463 
0.4 
	
3.019 
	
11.819 
0.6 
	
1.995 
	
11.240 
0.8 
	
1.445 
	
10.1 I 
1.0 
	
10.232 
0.2 	2.137 	4.783 
0.4 	1.584 	2.922 
~C11C i ma% 10  min 
(niNnl ►) (Illol In -) (Ad) 
System: 1)c 1 B+f -C8G 
41.37 1-1.35 31 
32.41 11.23 148 
33.08 11.67 142 
25.78 12.28 135 
23.22 13.30 115 
34.20 1(1.8(1 154 
System: DTAB+p-CgG 
32.00 11.70 142 
35.23 12.85 129 
32.46 13.17 126 
28.82 15.22 109 
23.15 12.36 134 
Systenm: TT.AB+P-C8G 
36.83 12.46 133 
38.21 12.95 128 
~Gn) 	
GI 	G1111, 
(W11101 I) (kJ 11101 	(tiJmol ) 
-21.02 	-30.34 
-2-1.94 	-51.80 
	
33.10 
-23.40 	-51.76 
	
31.60 
-23.75 	-44.75 
	
36.96 
-23.92 	-4.37 
	
33.6.1 
-19.57 	-51.2-1 
-24.33 	-51.67 
	
33.? 
-24.74 	-52.15 
	
25.05 
?5.78 	-50.42 
	
26.87 
-26.59 	-45.53 
	
27,79 
-21.66 	-40.40 
-25.60 	-55.17 
	
27.05 
-26.36 	-».88 
	
35.47 
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System: 14-2-I4+-CG 
0.2 0.045 0.050 43.72 	16.08 	103 -35.35 -62.54 16.70 
0.4 0.020 0.025 43.39 	18.34 	90 -37.37 -61.04 14.52 
0.6 0.015 0.017 42.24 	18.57 	89 -38.08 -60.83 14.37 
0.8 0.011 0.012 41.02 	18.89 	88 -38.88 -60.59 14.62 
1.0 ()01O - 43.91 	23.05 	72 -39.12 -58.18 
System: I4-4-14+-CG 
(12 0. 0.048 0.266 40.07 	11.77 	112 -3.18 -62.31 19.12 
0.4 0.042 0.134 37.59 	15.61 	106 -35.13 -59.60 19.19 
0.6 0.017 0.090 40.93 	17.06 	97 -37.80 -61.79 17.42 
0.8 0.014 0.067 39.67 	18,19 	91 -38.31 -60.12 16.48 
1.0 0.054 - 36.89 	18.48 	90 -34.87 -i4.83 - 
System: l4-i-14+~i-C8C 
0.2 0.049 0.343 40.27 	13.83 	120 -35.12 -64.24 22.22 
0.4 0.044 0.174 36.93 	14.70 	113 -35.41 -60.54 30.52 
0.6 0.020 0,116 39.85 	15.03 	110 -37.32 -63.83 20.13 
0.8 0.017 0.087 37.13 	16.74 	99 -37.86 -60.04 18.91 
1.0 0.070 - 32.01 	18.14 	91 -34.22 -51.86 - 
System: 14-6.14+~-C8G 
0.2 0.05 1 0.362 37.67 	13.12 	126 -35.01 -63.72 23.09 
0.4 0.046 0.183 38.73 	13.97 	119 -35.29 -63.01 23.12 
0.6 0.022 0.123 36.19 	14.26 	116 -37.10 -62.49 24.42 
contd, ..... 
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U.S 0.019 0.092 39.60 	1524 	109 -37.56 -63.55 2(1.75 
I.O 0.074 - 36.34 	17.40 	95 -34.08 -54.97 - 
System: l64.16+p-C8G 
0.2 0.036 0.064 39.41 	20.71 	80 -35.81 -54.90 13.67 
0.4 0.023 0.032 38.26 	23.17 	72 -37.03 -53.54 12.54 
0.6 0,(112 0.021 36.53 	24.12 	69 -38.56 -53.70 12.88 
0.8 0.011 0.016 36.55 	24.53 	68 -38.72 -53.63 12.58 
1.0 0,1113 - 40.87 	30.20 	» -35.50 -52.03 - 
Sy'steni:16-5.16+p-CMG 
0.2 0.043 0.075 37.98 	20.53 	81 -35.47 -53.97 15.88 
0.4 0.026 0.038 41.13 	21.91 	76 -36.74 -55.51 13.51 
0.6 0.013 0.025 38.94 	22.37 	74 -38.44 -55.85 13.43 
0.8 0.0125 0.019 37.46 	22.64 	73 -38.56 -55.10 13.20 
1.0 0.015 - 35.82 	28.32 	59 -38.08 -51.19 - 
System: 16.6-16+0-C8G 
0.2 0.045 0.086 37.82 	19.61 	85 -35.35 -54.64 1 7.01 
0.4 0.031 0.043 37.47 	20.30 	82 -36.28 -54.74 16.54 
0.6 0.014 0.029 38.71 	21.00 	79 -38.25 -56.71 15.40 
0.8 0.013 0.022 37.70 	21.77 	76 -38.44 -55.76 13.80 
1.0 0.017 - 40.54 	27.98 	59 -37.74 -2.23 - 
?0, 
(kJlnal*I) 
Table 5.2: M'licellar compositions (,k'~° , 	
T i
, ), inlerfacial composition ( X ), interaction parameters (/J °, / ), and 
activity coefficients (/ . 	 . /h,)',~) for mixed conventional+geniini surlactant-sugar-hased surfactant (~-CG) Systems at 
30 °C in 5 nil`1 NaBr solution. 
a1 	X,m 	
V I' I 	''1 1 
0.2 0.3504 0.1233 
0.4 0.4288 02727 
0.6 0.4888 0.4575 
0.8 0.5473 0.6912 
0.2 0.4243 0.2436 
0.4 0.4899 0.4620 
0.6 0.1363 0.6590 
0.8 0.5746 0.8375 
0? 0.5816 0.7097 
0.4 0.6727 0.8670 
0.6 	0.761 	0.9362 
0.8 0.8332 0.9750 
System: DeT*AB+P-CsG 
-4.4940 0.1501 0.760 -2.5769 
-4.8713 0.2040 0.4083 -3.0056 
-5.5604 0.2339 0.2649 -3.5000 
-6.6750 0.2599 0.1396 -4.1038 
System; D1'AB +p-CC 
-5.4650 0.1631 0.3739 -3.3629 
-5.4701 0.2409 0.2690 -3.4436 
-7.0815 0.2181 0.1305 -4.4363 
-8.9878 0.1966 0.0514 -5.5344 
System: TTAB +P-CHC 
-3.4656 0.5412 0.3097 -2.1245 
-3.3466 0.6981 0.2199 -1.8562 
-2.9449 0.8452 0.1817 -1.3493 
-3.0980 0.9174 0.1164 -1.0846 
0.4391 -3.8909 0.2940 0.4723 
115216 -4.0776 0.3933 0.3298 
0.1327 2.8630 8.6154 1.0517 
0.4866 3.5465 2.5467 2.3158 
0.3696 -8.0351 0.0410 0.3337 
0.4444 -12.8025 0.0192 0.0798 
0.4694 -11.6822 0.0373 0.0762 
0.5061 -9.7344 0.0930 0.0826 
0.6551 -3.7842 0.6375 0.1971 
0.7231 -4.1147 0.7294 0.1163 
0.2841 2.2177 3.1161 1.1960 
0.8612 -3.8263 0.9289 0,0586 
Contd...... 
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System: CTAR+p-CaG 
0.2 0.7011) 0,9277 •4,2507 06838 0.1238 -22444 0.5296 -111903 0.0840 0-0433 
0,4 0.8074 0,9716 -34169 08810 01078 -13385 06707 -3.1)711 0,7161 32511 
0.6 0.8460 0.9872 -3,8180 0.9134 0.0660 -12530 0.1411 3.1510 0.8096 011772 
0.8 0.8165 0.9952 -4.4746 3.9340 0.0321 -1.22002 0.8399 -2.7910 09310 0.1396 
System:10.2-I0+p-CXG 
0.2 0.4800 3A421) -37386 0.3639 0.4226 -2.3308 0.5089 -5.8532 0.2437 01196 
0.4 0S670 0.6787 -3.5108 0.5120 013173 -21085 0.6167 2.7618 0.6665 0.3498 
0.6 0.6332 0.8262 -3.8084 0.5990 0.2172 -2.2283 0b964 -2.8039 0.7723 0.2567 
0.8 0.6640 09269 -5.6769 0.268 00818 -3,1906 0.6923 -5A694 0.5958 0.0127 
Systeni:12•?- I1+p-CC 
0.2 1) 7583 0.9380 -3.0517 0.8363 0.1732 -1.4102 0.6692 -6.6216 0.4845 0.0515 
0.4 0.8511 0.9758 -2.7927 09400 0.1323 -0.8916 07188 -6.8319 0.5826 09293 
0.6 0.8087 0.9390 •4,9660 0.8338 0.0399 -19154 (17333 1.9880 0.5666 0.0136 
0,8 0,8412 0.9959 -5.6076 0.8681 0.0L89 -[.8870 07666 -8.5018 0.6293 0.0368 
System: 14 -2-14+P-CsG 
0.2 0,9173 0.9970 -4.0894 0.924 0.0320 -0,7815 0.7799 -8.4168 0,6651 U-U060 
0.4 0.8786 0.9988 -6.3590 0.9105 0.0074 -17086 0.8849 -6.4430 0.9182 20064 
3.6 0.9312 09999 -5.7963 09730 0.0066 -0.9334 0.8260 -95420 0.7490 0.1)31' 
0.8 0.9210 3.9998 -7297 0.955; 0!0020 -1.3?74 0,8691 -8,6107 0,8997 0.0011 
c'antd...,.. 
109 
S~ stem:14-4.14+p-C8G 
0.2 0.6563 0.9839 -I 1.0917 0.2698 	(10084 	-6.3028 0.6364 -13.3137 0.1720 110046 
0.4 0.7105 0.9939 -9.9676 0.433 7 	0.0065 	-5.1648 0.6891 -11.5677 0.3269 0.0041 
0.6 0.6894 0,9973 -13.4812 0.2724 	0.0017 	-7.2720 0.6783 -14.6828 0.2188 0,0012 
O,8 (17073 0.9990 -14.4815 0.2890 	0.0007 	-7,5537 0.7076 -14.6564 0.2856 0.0007 
System: 14-5-14+-CG 
0.2 0.6398 0.9792 -11.7274 0.2184 	0.0082 	-6.8083 0.6321 -13.2916 0.1655 0.0049 
0.4 0,6901 0.9920 -10.6084 0.3610 	0.0064 	-5.7153 0.6796 -11.9154 02943 0.0040 
0.6 0.6818 0.9965 -13.4395 0.2565 	0.0019 	-7.3450 (1.6791 -14.2292 0.2310 0.0014 
0.8 0.6994 0.9957 -14.5058 0.2696 	0.0008 	-7.6826 0.7047 -14.5486 0.2812 0.011(11 
System: l4-6-l4+p-CC 
02 0.6418 0.9792 -11,54110 0,227 	0.0086 	-6.6832 0.61IS -14.3301 (1.1154 0,0047 
0.4 0.6934 0.9920 -10.3883 0.3766 	0.0068 	-5.5636 0.6702 -11.5550 0.2846 0.0056 
0.6 0.6867 0.9965 -13.0289 0.2784 	0.0021 	-7.0614 0.6897 -12.2633 0.3070 0.0030 
0.8 0.7064 0.9987 -13.9314 0.3009 	0.0010 	-7.2787 0,6869 -15.1185 0.2272 (1.0008 
Si stem: l64.16+0-C8C 
0.2 0.7884 0.9961 -7.3550 0.7194 	0.0103 	-3.0910 (1.7306 -9,3214 0.5084 (1,0069 
0.4 0.8456 0.9986 -7.0006 0.8463 	0.0067 	-2.3030 0.7893 -8.5634 0.6837 0.0048 
0.6 0.8131 0.9994 -9.3795 0.7206 	0.0020 	-3.5908 0.8093 -9.1156 0.7178 0.0026 
0.8 0.8635 0.9998 -S.9220 0.8468 	0.0013 	-2.6492 0.8439 -9 2856 0.7975 0.0013 
could...... 
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0.7610 -7,3130  0,6 85 0.0145 
0.7399 -9,1444 0.5869 0.0048 
0.7508 -112903 0.4960 0.0017 
0.7720 -11.9964 0.5360 0.0008 
0.7722 -6.9346 (1.6978 	0.0160 
0.8711 -5.4796 0.9130 	0.0156 
0.7827 -9.7413 0.6313 	0.0026 
0.7866 -11.2811 0.5983 	0.0009 
0.7853 
0.8325 
0.7938 
0.8411 
System: I6-S-16+-CG 
0.9954 - 7.1717 0.7185 (10120 -3.0461 
0.9983 -7.1703 0.8178 0.0069 -2.S 188 
0.9992 -9.9247 0.6537 0,0019 -4.0923 
09997 -9.5182 0,7870 0,0012 -3.1997 
System: 16-6-I 6+-CC 
0,9948 . -1.5152 (1.6702 0.0117 -3.3613 
0.9980 -6.6591 0.8479 0.0088 -2.2248 
0.9991 -10.1289 0.6237 0.0020 -4.3196 
0.9997 -9.9930 0.7348 0.0011 -3.6443 
	
0.2 
	
0.7693 
0.4 
	
0.8426 
0.6 
	
0.7841 
0.8 
	
0.8244 
Table 5.3: Variation of relative viscosity (i r) vs. gemini surfactant 
concentration of 10-2-ID. 12-2-1 2. 14-2-14 in the presence of 10 mM (-CG 
and 5 mM NaBr at 30 °C. 
110-2-101 In 'ir  112-2-121 In 'Ir  114-2-141 In il,. 
(mNI) (niI\I) (m11) 
0 --  0 0 - 	--- 0 0 0 
10 0.015 10 0.109 10 0.167 
20 0.029 20 0.172 20 0.313 
30 0.059 30 0.363 30 0.654 
40 0.078 40 0.639 40 0.840 
45 0.102 45 0.854 45 1.080 
50 0.149 
60 0.173 
70 0.182 
80 0.290 
90 0.411 
100 0.700 
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Table 5.4: Variation of relative viscosity (17r) vs. gemini surfactant 
concentration of 14-4-14. 14-5-14, 14-6-14 in the presence of 10 mN- I P-CsG 
and 5 mM NaBr at 30 °C. 
114-4-141 In i/r 114-5-141 In !/r 114-6-141 In r/r 
(mM) (mNI) (mi I) 
0 0 0 0 0 0 
10 0.098 10 0.034 10 0.010 
20 0.106 20 0.056 20 0.026 
30 0.134 30 0.067 30 0.043 
40 0.292 40 0.107 40 0.067 
45 0.544 45 0.226 45 0.118 
50 0.328 
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Table 5.5: Variation of relative viscosity (i/,) vs. gemini surfactant 
concentration of 16-4-16. 16-5-16. 16-6-16 in the presence of 10 mM (3-C8G 
and 5 mM Nal3r at 30 °C. 
116-4-16J 
(mil) 
In yr 16-5-161 
(mN1) 
In 1/ r 116-6-161 
(mill) 
In yr  
0 0 0 0 0 0 
10 0.028 10 0.020 10 0.017 
20 0.059 20 0.052 20 0.048 
30 0.261 30 0.197 30 0.104 
40 0.514 40 0.442 40 0.145 
45 0.641 45 0.522 45 0.293 
50 0.446 
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Table 5.6: Equations describing relationship between relative viscosity (ij,.) 
concentration (c, mM) of gentini surfactants in presence of 10 mM (S-CG and 
5 mM NaBr aqueous solutions. 
System Equation 
10-2-10+Q-C8G* n,-0.015le (r=0.962) 
12-2-12+9-C3G 12 r 	0.0567e0°60° (r=0.995) 
14-2-14+(3-CsG * 11,=0.108x0°s" (r = 0.972) 
14-4-14+(}-C8G * 2,=0.0467e" n47" (r = 0.849) 
14-5-14+(3-C8G * —0.0198ca` 4'; (r=0.9x8) 
14-6-14+P-CsG * r1,=0.0046e°01°.`  (r=0.942) 
16-4-16+(3-C8G* r)r=0.0109e" o95° (r=0.974) 
16-5-16+(3-CnG* >7~=0.0081e°.o's`  (r 	0.982) 
t6-6-16+p-CsG* 'lr 	0.0089e"--`  (r=0.980) 
* indicates the sugar surfactant 
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Chapter VI 
Conclusions 
The present thesis embodies the results of detailed investigation on the 
physicochemical characteristics of some surfactant-additive systems in aqueous 
Solution. The descriptions of the elaborate/detailed studies are presented in the 
chapters given below. 
First of all, a detailed account Of the behaviour of amphiphile systems. 
micelle formation and critical micelle concentration (CMC), types of micelles, 
factors affecting the ('MC, micellar morphology, effects of additives on 
structural transitions, nlicellization, causes of micellization, mixed micelle, 
theories of mixed micelle, etc.. are outlined. 
Then, the experimental details of the methods followed in the study are 
provided. Materials used, their purities, make, etc., are given in tabular form. 
Micellization studies of more efficient gemini surfactants of shorter 
spacer (m-2-m. in -= 10. 12, 14) in the presence of inorganic (NaBr. NaNO3, 
KCI. NaCl, LiCI) and organic salts (Na'Fos, NaBenz, NaSal) at 30 °C by 
tensiomctric and conductolnetric techniques was carried out. In order to 
evaluate the effect of alkyl chain length variation (III - 10, 12, 14) on the 
nlicellization process, we have kept the spacer chain length (s = 2) and head 
groups same in all the geminis. 
Systematic tensiomctric measurements were performed and the 
parameters studied include CMC, "('\I (the surface pressure at CMC), I r 
(maximum surface excess of surfactant molecules at the air/solution interface), 
.AA,, (the minimum surface area per molecule). AG;;, (standard Gibbs energy of 
Wlicellization). AG;,,, (standard Gibbs energy of adsorption), /t" and f' 
(interaction parameters for mixed micelles and mixed nlonolayer), X;» and 
X ~' (mole fraction of the component 1 in the mixed micelles and mixed 
ii monOlayer), j 
rn , I_i 	f 	and ./_, (activity coefficients of the surfactants In 
mixed micelles and in mixed monolayer). Conductometric measurements were 
performed to study the counterion dissociation (g) and also to evaluate the 
CN'1C. 
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The nticellization in presence of salts was found to occur at lower 
concentrations. The inorganic counterions have been found to affect the 
tnicellization by obeying Hofineister series. The organic salts have been found 
to decrease CMC more effectively and the trend observed is Nasal > NaBenz > 
NaTos. With an increase in salt concentration, the increase in 17<'uf  values 
indicates increased efficiency. The trend is as follows: 10-2-10< 12-2-12 < 14-
2-14. The A, value shows a decrease with increasing concentration of salts. It 
also confirms that the gemini surfactant molecules are almost perpendicularly 
located at the micellar interface. The Tm, values increase with increase in salt 
concentration, which confirm that, in presence of salts, the gemini surfactant 
molecules have a greater tendency to get adsorbed at the air/water interface. 
The negative values of the AG° indicate that micellization process is 
spontaneous. The average values for OG'JS for salts show the following trend: 
Nasal > NaBenz > NaTos > NaBr > NaNO3 > KCl > NaCI > t.iCl. Here also 
all the negative values of AGa„u imply that the adsorption of the surfactants at 
the air/water interface takes place spontaneously. In both the cases (AG. and 
AG), more negative values are obtained with increasing alkylchain length of 
gemini and shows following trend: 10-2-10 < 12-2-12 < 14-2-14. Organic salts 
(hydrotropes) lead to the formation of mixed aggregates because of the 
different surface activity of the constituents. With increasing mole fraction of 
hydrotropes, due to the intercalation of salt counterions in the gemini micelles, 
attractive interaction as well as hydrophobic interaction increase and hence 
more negative /'" values and low CMC values are obtained. For the salt- 
gemini mixtures, attractive interactions and X, values are nearly equal in 
mixed micelles and monolayers. Further, with an increase in alkyl chain length 
of gemini, the attractive interactions of organic salt-gemini systems increase. 
The activity coefficients of gemini surfactants (f,) azc found to be higher than 
that of the hydrotropes (j), which are less than unity, indicating nonidcal 
behaviour and synergistic interaction between the two components. The nature 
and the structure of salts primarily govern the morphology of gemini. Thus, 
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these systems may be utilized for tuning the micellar morphology ui i"i 
reduction of CMC. 
On the basis of the significance discussed above, the study has been 
extended on the micellar growth of dicationlc gehlln1 surfactants with short 
spacer of the series nl-?-m (ln = 10. 12. 14) in the presence of medium to long 
chain n-alcohols (hexanol; COH, heptanol: C7OH, octanol; C,OII) and the 
corresponding n-amines 	(hexylalnine; 	C(,NH2, 	heptylaluine: 	C-N H,, 
octylanline; CM NH,) in the presence and absence of organic salts (Nasal. 
NaTos) by viscosity measurements at 30 °C. The purpose of the present study 
is thus to show that inicellar growth with an organic molecule could he 
accelerated by the presence of organic salt. For the sake of comparison, the 
effect was observed for the corresponding monomeric counterparts 
(decyltrimcthylamdonium bromide: DeTAB, rlodecyltrinlethy'lamHmIlonIum11 
bromide; DTAB, tetradecyltrinlethylanlnloaiunl bromide; TTAB) as well. 
Our viscosity results allow the possible use of organic salts and 
additives for viscosity enhancement in micellar growth of gemini surfactants. 
The presence of' salts (NaSal, NaTos) at quite low concentrations are capable of' 
producing significant viscosity increment by the electrostatic and hydrophobic 
effects, whereas the presence of organic additives (alcohols and amines) 
enhances transition clue to the formation of mixed micelles. Further, a 
combined presence of salts and organic additives in the systems produce more 
favourable conditions for micellar growth due to synergism. Also, the 
hydrophobic interactions play a significant role in each case, as the micellar 
transition is observed more in case of longer alkyl chain length additives or 
geminis. As regards the case of NaSal and NaTos addition, the former has been 
found to be more effective for micellar growth. The properties of aqueous 
solutions of cationic genuni surfactants can be effectively modified by the 
addition of organic salt. Therefore, such Mixtures are attractive in view of a 
potential performance enhancement of a given Bgetlini structure. The relative 
importance of the synergistic effects depends on the particular pair of geminis 
and aromatic salt anion. which must he individually optimized for a given 
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property. Organic additives (alcohols, amines) can be used as a viscosity 
thickening agent too of surfactant solutions, which is desirable for various 
industrial applicationsireaction media. However, care should he taken in 
selecting an additive as regards its concentration, alkyl chain length and its 
compatibility with the surfactant. 
A thorough investigation and a comparative study of the mixed miccllar 
properties of various gemini/conventional surfactants with a nonionic sugar-
based surfactant was made which would allow their appropriate applications on 
fundamental basis and industrial fields. Here, the role of head group as well as 
hydrophobic [ail modification on the mixed micelle formation was taken into 
account using a series of diquaternary gcmini surfactants n,w- bis(1r-alkyl-N,N-
dimethylatnmonium)alkane dibromides of varying alkyl chain length and 
spacer (in = 10. 12, s = 2; in = 14, s = 2, 4, 5, 6; in = 16, s = 4, 5, 6). Their 
interaction with a common sugar-based surfactant octyl-p-D-glucopyranosidc 
113-C86) in 5 mM NaBr was studied by tensiometry. The results are evaluated 
on the basis of Regular Solution Theory (RS'VJ. At 5 mM NaBr the ionic 
strength remains constant to ensure the validity of estimated parameters using 
such theories. For the sake of comparison, the mixed micellization studies with 
the monomeric counterparts (De l'AB, DI AB, TTAB, CTAB) have also been 
made. 
The trend observed for reducing the CMC as a function of mole fraction 
is: 16-4-16 > 16-5-16 > 16-6-16 > 14-2-14 > 14-4-14 > 14-5-14 > 14-6-14 > 
12-2-12 > 10-2-10 and CTAB > TTAB > DTAB > DcTAB. With increasing 
alkyl chain length of cationic surfactants and with decreasing spacer chain 
length of geminis, the l7cMC values increase, indicating that the efficiency of 
the systems increases, The T',ay values increase with an increase in thole 
fraction of surfactant. The surfactant solution mixtures have greater preference 
to get adsorbed at the air/water interface compared to a pure surfactant 
solution. With increasing mole fraction of surfactants, A,,,, decreases due to the 
closer packing of the surfactant ions on the surface and therefore the orientation 
of the surfactant molecules at the interface is almost perpendicular to the 
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interface. An increase in alkyl chain length of surfactants and a decrease in 
spacer chain length of geminis also give rise to a decrease in A,,;,, values. A 
large difference in CMC and CMC* values is attributed to the stronger 
interaction between the components. It is due to the fact that an increase in 
spacer chain length increases the surface charge density of the micelles. Thus, 
14-6-14 interacts more strongly with the sugar-based surfactant as compared to 
the other short spacer geminis (s = 2, 4, 5). Similar trend is observed in case of 
l6-s-16 + ~3-C3G systems. With increasing mole fraction, more negative 
(3 values suggest stronger interaction with [3-C8G, which is observed in higher 
chain length cationic surfactants (m = 14, 16). Also, geminis show stronger 
interaction with (3-CG as compared to their monomeric analogues. The 
cationic surfactants studied and their mixtures with Ii-C8G have a greater 
preference for adsorbing at the air/water interface relative to mixed micelle 
formation. In this regard, gemini surfactant-P-CRG mixtures are found to be 
more effective, is indicated by more negative f° values than ,3'" 
Morphology of gemini aggregates in aqueous solutions have been found 
to he in direct correlation with DNA transfection efficiency. Therefore, 
studying the morphology of the gemini surfactant systems in the present case 
can be regarded as an initiative towards the development of gene transfection 
efficiency. In this endeavour, viscosity measurements of cationic gemini 
surfactants were also performed in presence of 10 mM [i-CG in 5 mM NaBr at 
30 °C. 
On comparing the systems having geminis of different alkyl chain 
length (m = 10 < 12 < 14 < 16) it is observed that the relative viscosity 
increases gradually with concentration but increase is more pronounced in case 
of surfactant with longer chain length. More pronounced viscosity 
enhancement with decreasing spacer chain length (i.e., .s = 2 > 4 > 5 > 6) 
reflects stronger ability of short spacer geminis to form larger assemblies. 
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Cationic gemini surfactant and the extent of the effect followed the sequence: C, 	C7 <C8. For the longer alkyl chain geminis, a micellar growth 
Organic salt resulting in a transition to nonspherical micelles occurs first, giving rise to high viscosity values in the order m = 
organic additive 10< 12< 14. In comparison to the gemini surfactants, no effect was observed with the corresponding conventional 
Wormlike micelle surfactants of equal chain length, i.e, CmH7 ,,, , , (CH3 ) ) N -Br-, even in the presence of organic salts of the same con- 
Viscosity measurement centration used with the geminis. The results are explained in terms of mixed micelle formation and coulombic 
interaction. 
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1. introduction 
Micellar systems possessing unique solubilization properties have 
several applications. Thus, a thorough investigation of such properties 
is of significance. Organic compounds are the common pollutants in 
ground water and aqueous industrial process streams. Micelle-
enhanced-ultrafilteration (MEUF) is a technique which could be used 
to remove organic pollutants 111. Therefore, increasing micellar size by 
some means would be easier and of great help to decide the pore size 
in MEUF. This observation is of practical importance in day-to-day life. 
since it is directly related to the cleaning action for aquatic environ-
ment. Hence, a micellar growth study in presence of salts and organic 
additives has direct relevance with one of the huge problem of real 
world, 'pollution'. 
Over the decade, the gemini surfactants having two hydrophobic 
tails connected to the polar hydrophilic head groups through a spacer 
have been the subject of interest to many researchers in the field of sur-
face science. Due to their high surface activity in comparison to their 
monomeric homologues and much lower critical micelle concentra-
tions (cmc's), they find more versatile industrial applications such as 
better wetting, foaming, solubilizing abilities, and unusual aggregation 
morphologies 121. In case of geminis with short spacers, the short 
• Corresponding authors. Tel.: +91 5712703515x3350. 
E-mail addresses: walidhucam chem0'gmad.com (W.H. Ansari), 
drs,rlsidd=gmaiLrom (U.S. Siddiqui). 
0167-732215 - see front matter 0 2012 Elsevier B.V. All rights reserved. 
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distance between two alkyl tails facilitates the hydrophobic interaction, 
which restricts hydrophobic hydration and minimizes electrostatic re-
pulsion between the two alkyl tails of the surfactant molecule, resulting 
in lower cmc values and advanced properties at quite low concentra-
tion. This is an important point regarding the application of geminis 
(cost effectiveness and environmental toxicity). Thus, geminis with 
short spacers are capable of causing micellar growth at fairly low con-
centrations 131. This has been confirmed by Zana and Talmon 12b1 
who, on the basis of cryo-TEM studies, showed that geminis with 
short spacers formed strongly entangled wormlike micelles in water. 
Seemingly, evolution of wormlike micelles for geminis having short 
spacers is to overcome difficulties in packing two hydrophobic chains 
into a micelle. 
Various environmental factors, such as change in surfactant concen-
tration. additives (salts, polar/nonpolar compounds), temperature, pH, 
etc., affect the aggregation behavior of surfactants. The effect of addi-
tives ; salts and organics) on surfactant solutions is vital to many appli-
cations for detergency and emulsification because of the enhanced 
performance of the mixtures due to synergism. Among various organic 
additives, alcohols and amines 141 are the common cosurfactants used 
with surfactant + oil systems to generate a microemulsion in enhanced 
oil recovery. In addition, a recent study 151 has illustrated an unique 
application of gemini/amine system wherein strong catalytic effect 
in ester bonds cleavage was observed in 16-6-16 and decylamine micel-
lar solution due to the formation of functionalized mixed micellar 
aggregates. 
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tnr rneururrrrrugnrr IIdIII length amines/alcohols are more effec-
tive in increasing viscosity of the solution and the magnitude depends 
upon the number of carbon atoms in the alkyl part of the particular 
alcohol/amine. The lower homologues affect the water structure, 
while the penetration of higher ones outweighs the effect, resulting 
in an increase of both the micellar size and viscosity, hence promoting 
micellar transition. Thus, alcohols/amines with long chains are 
employed in industrial applications as they are potential candidates 
to induce a rich variety of microstructures 16.71. 
The aromatic counterions too induce the formation of wormlike 
micelles at relatively low surfactant and counterion concentrations 
which is attributed to the strong binding of organic counterions to 
surfactant micelles to minimize the contact of their bulky hydrophobic 
part with water. They are capable of forming tightly packed entities by 
modifying spontaneous curvature of the surfactant assemblies and 
hence the solution properties I. Due to their manifold applications, 
surfactant-organic counterion mixed systems have, therefore, attracted 
considerable interest from both academic and industrial researchers. In 
this context, possibility of using wormlike-micelle-containing-systems 
as drag reducing agents in recirculation systems and in fracturing fluids 
in oil production need special mention 191. 
Previous reports by Kabir-ud-Din et al. (7.10-2u) on the effect of 
additives (organic;'inorganic compounds, non-electrolytes, surfactants, 
etc.) using a variety of experimental techniques yielded important 
results of the physicochemical properties of different gemini surfactant 
solutions. However, in the former studies the authors opted the m-s-m 
type of geminis of alkyl chain length m = 12, 14, 16 and spacer of 
medium chain length (s = 4, 5. 6). On the basis of the significance 
discussed above, the present study has been conducted on the mi-
cellar growth of dicationic gemini surfactants with short spacer of 
the series 1.2-ethanediyl-bis(dirnethylalkylammonium bromides), 
referred to as m-2-m (m = 10,12,14) in the presence of medium 
to long chain n-alcohols (hexanol;C,OH, heptanol;C70H, octanol;CROH) 
and the corresponding n-amines (hexylamine:C6NH2, heptylamine: 
C7NH2. octylamtne;C8NH2) in the presence and absence of organic salts 
(sodium salicylate: NaSal, sodium tosylate: NaTos) by viscosity mea-
surements at 30 X. The purpose of the present study is thus to show 
that micellar growth with an organic molecule could be accelerated 
by the presence of organic salt. For the sake of comparison. the 
effect was observed for the corresponding monomeric counterparts 
(decyltrimethylammonium bromide; DeTAB, dodecyltrim thylammonium 
bromide: DTAB, tetradecyltnmethylammonium bromide: TTAB) as well. 
It is pertinent to mention that the gemini surfactants used in the 
present case (10-2-10, 12-2-12, 14-2-14) have been found good inhib-
itors of iron corrosion in a hydrochloric acid medium. The maximum 
inhibition efficiency is observed near their cmc's and can be attributed 
to the formation of a protective layer on the electrode surface 21]. 
2. Experimental 
2.1. Materials 
1-Bromodecane (Sigma-Aldrich. USA, >_ 98%), 1-bromododecane 
(Sigma-Aldrich. USA, z97%), 1-bromotetradecane (Sigma-Aldrich, 
USA, ? 97%), N,N,N',N'-tetramethylethylenediamine (S. d. Fine-Chem., 
Mumbai, z 99%). propanol (E Merck. Mumbai, z99%), NaSal (Fluka, 
Switzerland, >99%), NaTos (Fluka. Switzerland, 70-80%), and alcohols 
(C,OH. 99%; C7OH. 99%; CgOH, 99%: BDH high-purity chemicals) were 
used as supplied. The amines (C6NH2. > 98%: C7NH2. >_ 98%: C8NH2, > 
98%; all purum grade) were obtained from Fluka (Buchs, Switzerland). 
Water was distilled twice over alkaline KMn04 in an all glass still. 
22. Synthesis and characterization of gemini surfactants 
The symmetric dicationic gemini surfactants, 10-2-10, 12-2-12 
and 14-2-14, were synthesized by the method proposed by Zana (2(  
but with a slight modification (Scheme 1). A mixture of N.N,N'N'-
tetramethylethylenediamine with a corresponding alkyl bromide in 
dry propanol was refluxed with continuous stirring for 48 h. After 
evaporating the solvent, the residue was recrystallized with mixtures 
of acetone and ethanol three times. The resulting white product was 
dried in vacuum oven for 3 days until constant weight was attained. 
The yields were almost quantitative, 90-97%. For characterization of 
the synthesized compounds, 'H NMR spectra were recorded in 
CDCI3 solution with BRUKER AVANCE 300 MHz spectrometer. 
'H NMR (300 MHz. CDCI3) (m-2-m): ri-0.9 (t. 6 H. 2(CH,)], 
1.26-1.38 (m, 36 H. (—CH) alkyl chain j. 1.81 (m, 4 H, CCH2CN ' 
alkyl chain!, 3.50 (s, 12 H. (CH1)1 N' I. 3.69 (m, 4 H, CCCH2N+ alkyl 
chain], and 4.67 ppm Is. 4 H, N-CH2CH2N' (. 
2.3. Methods 
The viscosity measurements were carried out with an Ubbelohde 
viscometer suspended vertically in a thermostat at 30 °C (accuracy± 
0.1 °C). The method of measurements of viscosities under Newtonian 
flow conditions was the same detailed elsewhere 1121. As the solvent 
flow time in the viscometer was always longer than 200 S. no kinematic 
corrections were introduced (22;. The relative viscosity was calculated 
using equation. 
11r = t/to 	 (1) 
where t and to are the flow times of solution and water, respectively. 
3. Results and discussion 
The extent of interaction between amphiphilic molecules can be 
expressed by molecular shape and it is mainly determined by a 
balance between hydrophobic interactions of the hydrocarbon tails, 
electrostatic repulsion and hydration of head groups. The shape of 
micelle produced in aqueous media determines various amphiphilic 
solution properties, such as. viscosity, solubilization, etc. 
The site of solubilization of different compounds within micellar 
systems can be correlated with the structural organization of aggre-
gates. The viscosity of the solution responds to morphological changes 
of aggregates and their mutual interaction. Micellar growth is accompa-
nied by a distinct rise in viscosity which can be connected to anisotropic 
susceptibilities. 
In view of the above, the results of the present study carried out 
with the dicationic gemini surfactants can be discussed under the 
following five heads: 
3.1 Effect of gemini concentration and alkyl chain length 
3.2 Effect of salts 
3.3 Effect of alcohols/amines 
H3C \ 	 / CH3 
2 CmH2m+t Br + 	
/
N --~H2) 2 \ 
H3C 	 CH3 
CH3 
	¶H3 
Hem+l Cm — i —(CH2)2— i —C,H2m-1,2Br 
CH; 	CH3 
(m-10,12,14) 
Scheme 1. Protocol for the synthesis of rn-2-m geminis. 
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3.4 Effect of simultaneous presence of salts and alcohols/amines 
3.5 Effect of equal chain length of additives 
3.1. Effect of gemini concentration and alkyl chain length 
Variations of the relative viscosity with the gemini surfactant 
solutions' concentration in aqueous medium are presented in I ig. I. 
Evidently, the viscosity increases with increasing surfactant concen-
tration. For the sake of comparison, the relative viscosity data of mo-
nomeric analogues (i.e., DeTAB. DTAB. TTAB) are also plotted along 
with the corresponding geminis. It can be noted that, within a given 
concentration range. the effect of the concentration of monomeric 
counterparts are negligible as compared to the respective dimeric gem-
ini surfactants (Fig. 1). Studies on monomeric counterparts were, there-
fore, not pursued any further. Further, the t), values are higher with 
longer alkyl chain length of geminis. Comparison of the results for the 
10-2-10,12-2-12 and 14-2-14 gemini surfactants shows that the viscnc-
ity increases with increase in the length of the hydrophobic alkyl chain of 
the surfactant.The stability of the m-2-m surfactant monolayer increases 
as the hydrophobic chain length increases, which is in direct relation to 
increasingly stronger hydrophobic interaction 1231. The m-2-rn gemini 
surfactants are double-headed dicationic surfactants with a short ethyl-
ene spacer which means that the head group has a high charge density. 
Obviously, increased hydrophobicity in case of longer alkyl chain gemini 
(14-2-14) is mainly responsible for the more pronounced micellar 
growth (as depicted by high rk values). From these plots surfactant 
concentrations (0.06 M in case of 10-2-10, 0.02 M in case of 12-2-12, 
0.01 M in case of 14-2-14) were chosen to study the effect of organic 
salts;additives in detail. 
3.2. Effect of salts 
Now, before discussing the results of gemini/salt/organic additive 
systems, obviously we discuss the gemini/salt systems and morphology 
of the aggregates therein. 
A theory of micellar structure based upon the geometry of various 
micellar shapes and space occupied by hydrophilic and hydrophobic 
moieties of the arnphiphilic molecules has been developed by 
Israelachvili, Mitchell. and Ninham 124). The volume vv occupied by 
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FIg. 1. Variation of the viscosity of the solutions as a function of the concentration of 
surfactane (■) 10-2-10 and ( ) DeTAB; (e) 12-2-12 and ( ) DTAB, (a 114-2-14 
and ( ) TAB, In all cases. the dared lines and black symbols present calculated values 
using relevant equations ;cf. Table I) The lines are to guide the eye. 
the hydrophobic group in the micellar core, the length of hydrophobic 
group in the core I.,, and the cross sectional area AD occupied by the 
hydrophilic moiety at the micellar solution interface are used to 
calculate a packing parameter (Re), which determines the shape of the 
micelle, Rn = v~ A. 
In the presence of the calls, an increase in the ionic strength efTec-
tively reduces the electrostatic repulsion between the ionic head 
groups: this promotes aggregation of the surfactants with obvious 
increase in viscosity. When surveying the mixing of the cationic geminis 
in aqueous solution with various aromatic anions. it was qualitatively 
noticed that several gemini;salt pairs exhibit thickening with stronger 
viscoslfying effects 2-,. In the present studies we see that the viscosi-
ties of 10-2-I0. 12-2-12 and 14-2-14 gemini surfactants increase with 
the added organic salts. NaSal (Fig. 1a) has higher ability to increase 
viscosity value at the same ionic strength than NaTos (see Fig. Sla of 
supporting information). 
Unlike simple halide and other monovalent counterions, it is well 
known that organic counterions, like salicylate (Sal-), tosylate (Tos-), 
benmate (Benz ) andanthranilate(An-l,arelargeand can induce (or 
increase) the formation of very long threadlike micelles 1261. The addi-
tion of these organic salts to cationic surfactant solutions causes the for-
mation of wormlike micelles at relatively low surfactant and counterion 
concentrations 1251. Besides electrostatic interaction, such organic 
counterions (the so-called hydrotopes) are expected to penetrate into 
micelles by inducing strong hydrophobic interaction (due to possessing 
aromatic phenyl groups) and thereby reducing the electrostatic repul-
sion between the cationic head groups and ultimately forming tightly 
packed surfactant aggregates of reduced curvature. They produce 
strong viscoelasttcity in conventional cationic surfactants 127, which 
confirms the transition from sphere to rod/wormlike micelles. 
It was reported earlier 1 281 that with an increase in NaSal concentra-
tion, micelles begin to overlap, grow larger and entangle one another 
leading to a large increase in viscosity. At low salt concentrations, the 
solutions contain slightly elongated micelles and their viscosity does 
not increase much 129). Thou, in order to avoid complexities of higher 
salt concentrations, we have chosen a low salt concentration range for 
the present study. The organic counterions used (Sal-, Tos-) herein 
are believed to occupy the interfacial region with benzene ring partly 
incorporated into the micellar core of the cationic gemini micelles. At 
lower concentration of salts, no significant effect on micellar morpholo-
gy is observed (as not much change in lk is found), because the viscosity 
of the micellar solution containing short rod-shaped micelles with 
smaller axial ratio is not very different from that due to spherical 
ones. However, with increasing the concentration of each salt, the vis-
cosity patterns change with NaSal (rig. 2a) and NaTos (Fig. Sla of 
supporting information). This change may be due to different binding 
capacities of each counterion that would influence the packing param-
eter to a different extent and hence the micellar morphology and viscos-
ityof the system too. The micelle shape and the properties of the gemini 
micellar solutions are affected by the distribution of head groups and 
effect of chemical link between the head groups on the packing of sur-
factant alkyl chains, which are expected to strongly influence the curva-
ture of the surfactant layer. Thus, salt addition would influence this 
distribution and also optimum area per head group (Ao) with an in-
crease in Mitchell-Ninham parameter root. These are the prime factors 
responsible for a drastic change in the micellar site and viscosity of 
the solution. 
Here again micellar growth is more with the longer alkyl chain 
gemini. i.e., n= 14. 
3.3. Effect of alcohols/amines 
Figs. 2b. S lb. S2 and S3 (supporting information) show r), values of 
the gemini solutions containing different amounts of alcohols (C,-
CpOH). which clearly indicate the increase in the r), values with the 
increasing concentration of alcohols. The effects of alcohols are primarily 
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dependent on their alkyl chain length (or hydrophobic group). C60H is 
.partitioned between aqueous phase and micellar phase and is believed 
:o be more soluble in micellar phase than in aqueous phase. With longer 
:hain length alcohols (C,OH and C„OH), increase in rk values is more 
pronounced as compared to C,OH. This is due to the formation of rela-
ively longer chain alcohol-surfactant mixed micelles I2CI I. These alco-
loll prefer to stay in the micellar phase as they are hydrophobic in 
salute. The -OH group of these alcohols aligns parallel to the gemini 
nolecvk and thus facing towards the water phase by forming easily 
ilcohol-surfactant mixed micelles. The penetration of a surfactant nets 
llm in between the similarly charged head groups minimizes the 
repulsion, which decreases Aa and consequently increases R,. This is 
due to the fact that the higher chain length akohol-gemini micelles 
are considered to be coupled as a single-surfactant. increasing the 
volume of the micellar core r',. Thus the Rp follows the order CGOH< 
C,OH- CeOH. 
In case of amines too, the trend for the relative viscosities ofgem-mis is in the following order: Ct NHI-C,NH1<CONH, (Figs. 54-56, 
supporting information). This order is consistent with the length of 
hydrocarbon portion of amines. This effect may be attributed to the 
hydrogen bonds. formed between the nitrogen atoms of amine addi-
tives and the water molecules in the electrical double layer and in the 
alkyl region near the palisade layer of the micelle. 
Alkylamines may be incorporated into the polar headgroups of 
gemini surfactants. which may result in increasing the distances 
between cationic headgroups of gemini; and reduces the charge density 
of the micellar surface. Hence, micelle formation is favored in presence of 
amines as well in two ways: Firstly, the nitrogen atoms bearing lone pairs 
of electrons tend to form hydrogen bonds with water and break down 
the water structure (iceberg) formed around monomers. Secondly, the 
hydrophobic alkyl portion of the amine has a tendency to incorporate 
in micelles. which may also replace some of the water molecules at inter-
face. This replacement increases the distance between headgroups and 
decreases the charge density of the micellar surface. These effects con-
tribute to the micelle formation. Due to the fact that micelles are dynamic 
thermodynamic systems, long chain amine additives may be partly solu-
bilized into the micellar core and can form N... H hydrogen honds. 
3.4. Effect of simultaneous presence of salts and u)cuhols/urnines 
The effect of the combined presence of organic salt and alcohols/ 
amines on geminis is also observed (Figs. 2b and 51b. S2-S6). A signif-
icant micellar growth is observed with distinct rise in r), values. This is 
attributed to a novel phenomenon of synergism, when both salt and 
organic additive are present simultaneously: the former weakens the 
coulombic repulsion between the micelles, whereas the interaction of 
the latter (or intercalation) decreases the intermicellar coulombic 
repulsions and also increases the hydrophobic interactions among 
monomers of the gemini micelles. Both these are supporting factors 
for pronounced micellar growth. 
In order to develop an empirical correlation between concentration 
of surfactant/additive and relative viscosity, the following equation was 
used: 
rk = k, exp(k2 Cl 	 (2) 
The plots of the relative viscosity vs. concentration of surfactant/ 
salt/akohol;amine were fitted in empirical correlation (Eq. (2;). For 
all the systems the mean absolute deviation ; MAD) was found to be 
less than 3.452%. Similar empirical correlations were developed for 
the effect of concentration on relative viscosity for all the three geminis, 
but due to lack of space, values for 142-14 gemini-additive systems are 
given in Iahlr I arid, for the other two gemini; (m= 12,10) in 
supporting information (Tables Ti and T2). 
The obtained values of k, and k5 were used to get the predicted 
values of relative viscosities at their respective concentrations, c, 
which are shown by dotted lines in all the figures, which show good 
agreement 
3.5. Effect  of equal chain length of additives 
In order to differentiate the effect of equal chain length of the organic 
additives (alcohols/amines) on gemini surfactants, we have compared 
In tk values against concentration of additives (CeOH;C5NH7) for 
0.01 M 14-2-14 in the absence and presence of 0.001 M NaSal (I ig 3(. 
The alcohol was found to be more effective than the corresponding 
amine. Amines are found to be solubilized in anionic micelles by 
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Table I 
Equations describing relationship between relative viscosity ;r.) and additive concen-
tration (c, M) in 14-2-14 gemini aqueous solutions. 
System 	 Equation 
Water-14-2-14' rh _ 0.7119.e4355' 	 r=0.973) 
0.01 M 14-2-14 - NaSal' rt = 1.2837e3sr5r' (r=0.895) 
0.01 M 14-2-14-NaTos' q,=12299e" 3' ;r=0.8601 
0.01 M 14-2-14-C60H rk= 12105e' ' 	(r=0.867) 
0.01M14-2-14-C70H' 7h=1.1497e's ' "(r=0.975) 
0.01 M 14-2-14 • Cd0H' r),=1.109e225 '',r=0.982) 
0.01 M 14-2-14 • CNHI' Th= i.1879e6414k (r=0.839) 
0.01 M 14-2-14 • C7NHl' rh= 1.1703e195x (r=0.882) 
0.01 M 14-2-14-C8NH2 ' rh= 1.1674e1 v- (r=0.885) 
0.01 M 14-2-14-0.001 M Nasal-C60H' rh= 1.9512e'"'2`  (r=0.909) 
0.01 M 14-2-14-0.001 M NaSal.- (OH' rh= 19483e" (r=0.929) 
0.01 M 14-2-14-0.001 M Nasal-C8OH' rh= 19352e 4"'` (r=0.975) 
0.01 M 14-2-14+0,001 M NaSal -CbNH2' rh= 1.8781e716° (r=0.960) 
0.01 M 14-2-14+0.001 M NaSal=CNH2' rh= 1.9306e" 9~` (r=0.963) 
0.01 M 14-2-14 + 0.001 S1 NaSal -CaNH2 ' ii,- 1.9087e14s's 	(r=0.994) 
0.01 M 14-2-14+0.001 M NaTos+C6OH' rh= 1377e° 	(r=0.980) 
0.01 M 14-2-14-0.001 M NaTos+C,OH' rh= 1.6314e6691u (r=0.923) 
001 M 14-2-14 • 0.001 M NaTos + CaOH' rh = 1.6498e'26"9` (r= 0.902) 
0.01 M 14-2-14-0.001 M NaTos+C,NH2' th= 1.5968e2 	5 (r=0.990) 
0.01 M14-2-14+0.001 MNaTos-C7NHI' q,=1.637e" °x ;r=0.928) 
001 M 14-2-14-0.001 M NaTos+C,NH7' rI,= 1.635e1ss,4' (r=0.942) 
Indicates the additive 
electrostatic (protonation of amine by hydrolysis, -RNH2 + H2O --' 
RNH3 + OH-) and hydrophobic effects, and amine groups are left at 
the micellar surface 130J. Their partial dissociation may affect the elec-
trostatic interactions with positively charged head groups of cationic 
gemini micelles, which thereby reduces the partitioning content of 
amine in the head group region. As the interfacial partitioning content 
of organic additives have significant role in micellar growth 1311, a 
decrease in effective amine content at the micellar surface does not 
favor micellar growth to the extent of the corresponding alcohol. Conse-
quently, comparatively lower viscosity values result in case of amines 
than that of corresponding alcohol. 
2.4 
2.2 
2.0 
1.8 
C 
1.6 
1.4 
1.2 
0.000 	0.002 	0.004 	0.006 	0.008 	0.010 
(Additive) (M) 
F{a. 3. Variation of the viscosity of the solutions as a function of the concentration of addi-
tives (alcohol/amine of equal chain length) to 0.01 M 14-2-14 solution in the absence 
(open symbols) and presence of (filled symbols) 0.001 M Nasal: ; a) C5H,70H. ; a) 
C1H,,NH2. 
4. Conclusions 
Micelles can be filtered with an ultra filteration membrane, which 
can filter the aggregate containing organic compounds (may be pol-
lutants). Therefore, the size and viscosity of the solution are directly 
related to the performance of these methods. Thus, the importance of 
understanding the effect of alcohols/amines on the surfactant systems 
is self explanatory. Also, today the trend has moved towards demands 
where lower ionic strength is required, as in the field of various indus-
trial applications or reaction media. Thus, our viscosity results allow 
us to qualitatively observe and differentiate as how organic salts and 
additives could be used for viscosity enhancement in micellar growth 
of gemini surfactants. By altering the spacer andior alkyl chain length 
of gemini surfactants, their molecular structure and physicochemical 
properties can be tailored. The presence of salts (Nasal. NaTos) at 
quite low concentrations are capable of producing significant viscosity 
increment by the electrostatic and hydrophobic effects, whereas the 
presence of organic additives (alcohols and amines) enhances s-•r 
transition due to the formation of mixed micelles. Further, a combined 
presence of salts and organic additives in the systems produces more 
favorable conditions for micellar growth due to synergism. Also, the 
hydrophobic interactions play a significant role in each case, as the 
micellar transition is observed more in case of longer alkyl chain length 
of additives or geminis. As regards the case of NaSal and NaTos addition. 
the former has been found to be more effective for micellar growth. The 
properties of aqueous solutions of cationic gemini surfactants can be 
effectively modified by the addition of organic salts. Therefore, such 
mixtures are attractive in view of a potential performance enhancement 
of a given gemini structure. The relative importance of the synergistic 
effects depends on the particular pair of geminis and aromatic anion, 
which must be individually optimized for a given property. Organic 
additives (alcohols, amines) can be used as a viscosity thickening of sur-
factant solutions, which is desirable for various industrial applications/ 
reaction media. However, care should be taken in selecting an additive 
as regards its concentration. alkyl. and chain length compatibility with 
the surfactant. 
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Appendix A. Supplementary materials 
'131e relative viscosities for the 14-2-14 gemini in presence of 
NaTos are given in Fig. S1a, with alcohols (C6-C8) in the absence 
and presence of NaTos in Fig. Sib, and with amines (C6-C8) in the 
absence and presence of NaSal, NaTos in Fig. S2. Similarly relative 
viscosities for 12-2-12 and 10-2-10 geminis with alcohols/amines 
(C6-C8) in the absence and presence of NaSal, NaTos are given in 
Figs. 53-56 and in the form of equations in Tables Ti and T2. Supple-
mentary data to this article can be found online at http: dx.drri org;' 
10.101 f, ).rllolliq.2012.07 014. 
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ABSTRACT 
In this work, the interaction of a series of cationic gemini surfactants: m -10.12 (s -2): 14 (s- 2.4,5,6); 16 
(s - 4,5,6) with a sugar-based surfactant; octyl43-D-glucopyranoside (3-05G) in presence of 5 mmol dm-1 
NaBr at 30 C has been investigated by tensiometryand viscometry. The critical micelle concentrations of 
pure surfactants as well as mixed systems were determined. The experimental results were interpreted 
using theoretical models of Rubingh and Rosen. These analyses allowed us to determine the interaction 
parameters, minimum surface area per molecule, surface excess, mixed micelle composition, free ener-
gies of micellization and adsorption, and activity coefficients through the whole concentration range. The 
results illustrate the effects of steric and electrical factors on mixed monolayer and mixed micelle forma-
tion and of surfactant-surfactant interactions therein. The cationic gemini surfactants and their mixtures 
with Q-CG show strong interactions at the air/water interface and a greater preference for adsorbing 
at the air/water interface relative to mixed micelle formation in the solution phase. Viscometric studies 
showed that the morphological behavior of the mixed micelles was dictated by the length of the spacer 
and alkyl chain of the gemini surfactants. Short spacers and long alkyl chain geminis have been found to 
have stronger ability to form larger assemblies. 
0 2013 Elsevier B.V. All rights reserved. 
HIGHLIGHTS 
► Interaction of cationic conven- 
tional/geminl surfactants with 
3-05G is studied. 
► (MC decreases with increasing mole 
fraction of cationic surfactants. 
► Synergistic interactions were found 
in the mixed micelles in all the com-
binations. 
► Gemini surfactants are found to be 
more efficient in mixed micelle for-
mation. 
ARTICLE INFO 
Article history: 
Received 26 September 2012 
Received in revised form 
21 November 2012 
Accepted 15 December 2012 
Available online 7 January 2013 
Keywords: 
Sugar-based surfactant 
Gemini surfactants 
Mixed micellization 
Morphology 
Synergism 
1. Introduction 
Keeping in view the environmental problems, it is possible to 
substitute environmentally hazardous chemicals with more benign 
species without compromising their performance. Surfactants are 
• Corresponding authors. Tel.: •91 5712703515x3350. 
E-mail addresses: drsalsiddf'gmail corn (US. Siddigw;. 
wapdhucarn chrr4 gmad.curn (w.N. Ansan). 
0927-7757/S - see front matter 0 2013 Elsevier B.V. All rights reserved. 
hop r(dx.dororg)10.10)6ii.colsurfa.201212044 
usually toxic to aquatic organisms and must be removed from 
waste water. As of today, therefore, the development of envi-
ronmental friendly cleavable surfactants is in vogue. This way 
complications of foaming or formation of unwanted stable emul-
sions after the use of surfactant formulation can be avoided. The 
presence of weak bond in between the polar and the nonpolar 
parts of the surfactant molecule leads to its cleavage. This 'primary 
degradation' of the molecule leads to destruction of the surface 
activity. The ultimate decomposition may then follow via varying 
routes I 1 J. 
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Scheme 1. Molecular structures of (a; octyl-)-D-glucopyranoslde (P-C,C). (b) 
aikanedryt- n.ro-bls(dlmethylalkytammomum bromide) and ;c) alkyltnmethytam-
monlum bromide 
In this context, sugar-based surfactants containing alkylgluco-
slde and alkylmaltoside (where a surfactant molecule consisting of 
a hydrocarbon chain is linked to a sugar moiety by all anomeric 
carbon (Scheme 1 ). have attracted increasing interest, as they are 
nontoxic. biodegradable, dermatologically compatible, highly sur-
face active and, most importantly. are produced from renewable 
resources 12-41. Usually, alkylglucosides are formed by direct con-
densation of glucose and a long chain alcohol using an acid catalyst. 
These alkyiglucoside surfactants break down into glucose and long 
chain alcohol under acidic conditions. Their cleavage profile along 
with their relatively straightforward synthetic route makes these 
surfactants interesting candidates for various types of cleaning for-
mulations [51. 
Gemini surfactants are also at the leading edge of the surfactant 
technology. They are a novel class of bifunctional amphiphillic com-
pounds with excellent properties of solubilization, soil clean up, 
and oil recovery, etc 16-81. They possess two hydrophobic tails and 
two polar head groups linked by a spacer X61. By altering their spacer 
and alkyl chain length, the micellar morphology can be tuned. As 
they show higher functionalities, much reduced amount of gem-
ini surfactants are consumed, which leads to the savings of carbon 
resources and production energies. making them more applicable 
and environmentally desirable. 'Thus, gemini surfactants are also 
considered as 'green surfactants' 181. 
In practical fields, the mixed surfactant systems work better 
than the simple ones, as various kinds of combinations are possible 
with different properties and application fields. Due to existence of 
synergism, mixed surfactant systems have received wide attention 
in academic and commercial circles with efficient solubilization, 
dispersion. transportation and suspension capabilities [9]. 
The best example of mixing is of ionic and nonionic surfactants. 
This is due to the complimentary behavior in the mixed micelles 
giving rise to a reduction in cmc (critical micelle concentration) 
values 1101. Most of the studies have been conducted in absence of 
salts. However, for the evaluation of interaction parameters for the  
sonic-nonionic surfactant mixtures, using Rubingh's and Rosen's 
models, the ionic strength is kept constant because variation of 
electrical contribution of surfactants toward micellization has been 
ignored in these calculations 111.12). This was the reason for the 
use of swamping amount of electrolyte in all the solutions in the 
present study. 
Thus. in order to develop environmental friendly surfactant sys-
tenu with low intrinsic toxicity, use of biodegradable sugar based 
surfactants and gemini surfactants are one of the promising options 
for mixed micelle formation. From the past few years, only limited 
studies have focused on the elucidation of the behavior of sugar-
based and gemini surfactants/conventional surfactants 113-201. 
With the hope that, a thorough investigation and a comparative 
study among the mixed micellar properties of various cosurfac-
-ants with nonionic sugar surfactant would allow their appropriate 
applications on fundamental basis and industrial fields, the present 
study was conducted, where the role of headgroup as well as 
hydrophobic tail modification on the mixed micelle formation 
was taken into account. For this purpose, a series of diquaternary 
gemini surfactants; alkanediyl- a,w-bis(dimethylalkylammonium 
bromide) of different alkyl chain length and spacer (nt= 10.12, 
s-2; in- 14, sf2.4.5.6: rn - 16. s-4,5,6) and their interaction with 
a common sugar based surfactant: octyl-)3-D-glucopyranoside (]3-
CsG)(Scheme I) in 5 mmol dm 3 NaBrwas studied by tensiometry. 
The results are evaluated an the basis of Regular Solution Theory 
(RST) 1121. At 5mmoldm 3 NaBr the ionic strength remains con-
stant to ensure the validity of estimated parameters using such 
theories. For the sake of comparison. the mixed micellization stud-
ies with the monomeric counterparts (decyltrimethylammonium 
bromide; DeTAB, dodecyltrimethylammonium bromide: DTAB, 
tetradecylti imelhylamnlonium bromide: TTAB, cetylh imethylam-
monlum bromide; CTAB) have also been made (Scheme 1). 
Morphology of gemini aggregates in aqueous solutions have 
been found to be in direct correlation with DNA aansfection 
efficiency 1211. Therefore, studying the morphology of the gem-
ini surfactant systems in the present case can be regarded as 
an initiative towards the development of gene transfection effi-
ciency. In this endeavor, viscosity measurements of cationic gemini 
surfactants were performed in presence of 10 mmol dm-3 octyl-0-
D-glucopyranoside (43-CR C) in 5 rnmol dm-3 NaBr at 30 C. 
2. Materials and methods 
2.1. ttatertuls 
DeTAB (.98%). DTAB (_98%. both TCI. Japan ). TTAB ;99%, Sigma. 
USA). CTAB (99%, Merck. Germany), (i-C8G (99%. Sigma, USA). and 
NaBr (- 98`x., s. d. fine-Chem., India , were used as received. All gem-
~ni surfactants (m-s-m) were synthesized by the method described 
by Lana et al. 1221. Water was distilled twice over alkaline KMn04 
in an all glass still. 
2.2. Methods 
2.2.1. Stnface tension measurements 
The surface tension (y) of the solutions was measured with a 
Xruss 11 Tensiometer, by the platinum ring detachment method. 
Concentrated stock solution of different fixed mole fractions of 
surfactants prepared in aqueous 5mmoldnl-3 NaBr solution was 
added in installments to 5 mmoltin-3 NaBr solution (solvent) 
placed in the thereto stable tensiometer. Readings were taken 
after thorough mixing and temperature equilibration at 30 ± 0.1 C. 
The correction in ; values were made by Harkins and Jordan 
method, in-built in the instrument software. For each sample, the 
-6 	-5 	-4 	-3 	-2 
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Fia.1. Representative plots of surface tension versus log of surfactant concentration 
for 14-4-14 (0), 4-C4G (• ). 14-4-14 + (5-C,G (A ;. in presence of 5 mmol dm-' NaBr 
at 30 C. 
measurements were taken in triplicate to assure their reproducibil-
ity and accuracy within X0.1 mN m -1 . 
22.2. Viscosity measurements 
The viscosity measurements were carried out using an Ubbe-
lohde viscometer suspended vertically in a thermostat at 30 C 
(accuracy 4- 0.1 C) [23]. As the solvent flow time in the viscome-
ter was always longer than 200s. no kinematic corrections were 
introduced (24). 
3. Results and discussion 
3.1. Surface properties of surfactant mixtures 
Fig. I shows the representative plots of surface tension vs. log 
surfactant concentration for typical 14-4-14/(3-C8G system in the 
presence of 5mmoldm -1 NaBr. A decline in surface tension is 
observed with increase in concentration of surfactant. At low con-
centration, surfactant molecules adsorb at the air/water interface 
until the surface of the solution is completely occupied. Further, 
when the excess molecules tend to self-associate in the solution 
to form micelles, the surface tension becomes constant. The cmc 
values of pure surfactants agree well with the literature (20.221. 
The cmc values of gemini surfactants are much smaller than those 
of the corresponding monomers because of the presence of two 
hydrophobic tails which result in increase in the hydrophobic 
interactions and distortion of the water structure more than their 
monomeric analogs. The cmc values decrease with increasing con-
centration and alkyl chain length of surfactants, whereas increase in 
spacer chain length of surfactants results in cmc increase (Table 1). 
It implies that the surfactant reduces the surface tension more effi-
ciently when the spacer is short and hydrophobic. 
Fig. 2 shows the cmc values of various binary mixtures of 
monomeric/dimeric surfactants and 3-05G in the presence of 
5 mmol dm 3 NaBr solution at their different mole fractions 
obtained by tensiometric measurements. The trend observed for 
reducing cmc as a function of mole fraction is: 16-4-16> 16-5-
16> 16-6-16>14-2-14>14-4-14>14-5-14> 14-6-14> 12-2-12 > 
a 
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Flu. 2. Plots of cmc versus bulk mole fraction ~cv 1 ) of cationic surfactants in presence 
of5mmoldm-'  NaBr at"i0 C for the mixtures of(a) DPTAB+ -C,G(ti),DTAB 
CiG :* ).TTA8+~i-CiG (A). CTAB+IS-C1G (' ): (b) 14-2-14 • 11-C$G ('1r ). 14-4-
l4.-(4G•). 14-5-14 + (3-C4 G (A ). 14-6-141 i3-Cs G (■ ). 164-16 + 1-Ci G (• ). 
16-5-16.O-C,G(A). 16-6-16+(3-C8G(■). inset figure: 10-2-10+3-C (;!* (.12-
2-12*fi-CsG(' )- 
10-2-10 and CfAB>TTAB>DTAB>DeTAB. The cmc values of each 
mixture vary non-linearly with respect to the change in bulk mole 
fraction. Due to the presence of dimeric head groups in combi- 
nation with those of bulky sugar surfactant head group in the 
Stern layer of the mixed micelles, a nonideal behavior is expected 
in the mixed state. Also, the tendency of lowering the cmc was 
found to increase due to conformational changes occurring in the 
spacer. For short spacer (s - 2), it was observed that due to short 
distance the hydrophobic interaction increases, as a result, the 
hydrophobic hydration surrounding the alkyl chain is restricted 
and electrostatic repulsion between them decreases, giving rise 
to lower cmc values. While for s-4-6, the spacer chain tends to 
remain in an extended conformation, where the spacer comes in 
contact with bulk water and hydrophobic hydration is increased 
and hence the micellization is delayed. 
The values of different surface properties (viz., T1r ,nc (the sur-
face pressure at cmc), rm (the maximum surface excess), Amm 
(the minimum surface area per molecule), thermodynamic param-
eters:1IGom (the standard Gibbs energy of micellization). AG~ds (the 
standard Gibbs energy of adsorption), G...in (the free energy at the 
air water interface)) obtained in presence of Smmoldm-3 NaBr 
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DeTAR • 1.C, G 
0 	13.182 - 41.367 44354 37407 -21024 -30.344 
02 6165 14.44 7 32.411 11.227 147.69; -22038 51.809 33.180 
0.4 	5.128 15940 33.082 11667 142.312 -23.402 _61.7430 11601 
0.6 	4.466 11.877 23.776 12 2.6 135.249 237150 -44.747 11,902 
08 4168 10284 23718 11.1a, 114.78(1 -13)24 -41.373 33.640 
1 	21441 - 14201 10.309 153.4514 -19.573 -51.218 - 
DTAB•l3{.G 
0.1 	1.548 1141.1 II 	413 11.71)4 141 851 -24.3111 -51.850 ,3.2 10 
0.4 3.01) 1819 3231 12.852 129.190 24.740 52.150 25.054 
0.6 	1995 11240 32461 13.173 126037 -25.780 -50422 26872 
0.8 1 445 10731 28 871 16.219 109 099 -10.392 45.510 27.795 
1 	10232 - 23153 12.359 134.343 -21.662 -40.396 - 
TT6B•13-C,6 
0.2 	2137 4763 315831 12.460 133.256 -25.607 55.167 27.055 
0.4 1584 2922 38211 121)47 129144 -26.360 -.55876 25.466 
(II, 	1445 2 11)9 49870 14 .12 114412 -24,592 -33 394 2).18) 
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0.6 	0331 0421 "36.(3414) 15292 109577 103115 36 590 20.685 
0.8 	0263 0.320 -56.585 16.750 99.140 -30884 -52.730 19.362 
1 0257 - 34229 14.712 112.857 -30.942 -54.209 - 
10-2-10 • p-C,C 
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04 3019 7.0511 37165 04/14 172.199 -24.736 -63.624 33.941 
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04 	1819 4.620 39.508 10.018 156.361 -26.1112 -(53.220 29.216 
1 4160 - 434371 2108: 78.758 -23.929 -44.644 - 
12-2-12 • 
0.2 	0.001 1.022 43.53-12 12.732 130.405 -28.451 62.619 21.787 
0.4 	0446 0.532 .117118 IS 524 106.950 -29.611 -41.833 17.748 
0.6 	0245 0.360 41.211 16.890 983(81 31061 ;5.474 16.289 
0.8 	0.199 0.271 41.108 17.790 93.342 31.587 56.384 15.203 
1 0219 - 41.649 2: 226 73223 -31.357 -50980 - 
14-2-14 • (3-C, C 
0.2 	0045 0.050 .13.716 16.079 103233 -33 354 -62.543 16.708 
0.4 	0021) 0(125 44 168 18.336 90551 -31.314 -31.037 14.524 
0.6 	0015 0011 41.2-10 I8.568 80.40, - 30.1)82 -148611 14.574 
0.8 	0011 0.012 41.020 18392 87883 -38880 -50593 14.619 
1 0010 - -13.913 23.044 72.045 -39.121 -56.176 - 
14-1-14 • l-C.G 
0.2 	0046 0.266 40.069 14770 112.416 -35.150 --62.310 19.122 
0.4 	0042 0.134 /.58)3 1i1111 105341 -35.530 59603 19.186 
0.6 	0.017 0.090 40.929 17.06' 97.316 -37.799 61.789 1?.421 
0.8 	0014 0067 39.669 13.186 91293 -38.310 -60.173 16.481 
1 0.054 - 36.888 19,494 89825 -34.6?2 -54.830 - 
14-5.14 • (3-C,C 
0.) 	0049 0.343 40.268 13329 120067 _35.122 -63243 22.224 
0.4 	0.044 0.124 14,.9iz 14t5911 I)?'l315 -(Sall -(5)31) 10.113 
0.6 	0020 0.110 19,849 13813+ 110433 -3/.325 -Ii) 631 10.129 
0.8 	0.017 0.087 )7.13) 1 15771 99.190 -)7.359 -(301713 18.9)1 
1 0.070 - 12.012 18.141 91.523 -34.219 -51.865 - 
14-6-1-1. (S-C, G 
0.1 	0.051 0.362 37.66)8 13120 126550 -35.011 -63722 23.094 
0.4 	0046 0.183 38.733 13974 118816 -35193 -it4011 1.3210 
0.6 	0.022 0.123 36.193 14231; 116460 -37.100 -62.487 24.422 
0.8 	0019 0.092 39.601 115.236 108.970 - 37.557 -63.546 20.752 
1 0.074 - 36.3-1 17.390 95432 -14.078 -54966 - 
16-0.16.13-6, G 
0.2 	0.030 0.064 19.413 20.713 80150 -35.873 -54001 I4(3463 
0.4 0023 0.032 35.259 23172 /1651 -37.331 -53.544 12.541 
0.43 	0012 0.02) 10.532 2.1124 438825 -38.558 -537(12 12.8/9 
0.8 	0.011 0.016 '(8.553 24.521 67.710 -38.725 -53632 12.584 
1 0.013 - 40.873 30 193 54.981 38.499 -52.034 - 
b-5.16•(3-C,1, 
0.2 	0(813 11.11/5 319/9 21(516 8)).881 -4,4111 -340z! 158/3 
0.4 	0.026 0.038 41.129 21915 75.759 - 36.743 55510 13.511 
0.5 0.013 0.025 38.945 22.367 74.229 - 33.440 55 852 13433 
0.8 	0.0125 0.019 37.457 22.638 73.342 -33.538 -55105 13.196 
1 00115 - 38.822 29316 59.634 -38.082 -51792 - 
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Table I 	Continued) 
. 	ems n r ,:,10' A 	, :A \(  .\C, 
mmol dm :nrua dm nn'. i, ,n,ni m kJ mol - kJ nitol- I J mol-1 ) 
I6-s 	16-(i(,1. 
02 	0.045 0.086 37.822 19.612 54.658 -35.354 -54.639 17.014 
0.4 	0.031 0.043 37.473 20.299 3!.793 -36.279 54.739 16.541 
06 	0.014 0029 38.767 21.005 79045 -38.255 -56.711 15.398 
08 	0.013 0022 37 702 21 773 76.254 -38.440 -55.75G 13 609 
1 0017 - 40 ;40 27 98c 5 1 329 37 740 -52.226 - 
for pure surfactants as well as at different mole fractions of the 
surfactant+13-C8G solutions are collected in Table 1. 
The values of the surface pressure at cmc were obtained by using 
the equation. 
7cnx=Yo - Ycroc 	 1 1 ) 
vhere yo and y,,,,, are the surface tension of the solvent and 
if the mixture at the cmc. respectively. With increasing alkyl 
hair length of cationic surfactants and with decreasing spacer 
hain length of gemims. the /7,,, values increase, indicating 
hat the efficiency of the system increases; the trend being: 
`TAB>TTAB>DTAB>DeTABand 16-4-16> 16-5-16> 16-6-16> 14-
!-14> 14-4-14> 14-5-14> 14-6-14> 12-2-12> 10-2-10. 
The surface excess (I-max Imolcm 2)  is an effective measure 
If the adsorption at the air/water interface. The concentration of 
he surfactant is always more at the surface than that in the bulk. 
he surface excess (! ,,,,,x  ; and minimum surface area per molecule 
A,,,,,) values were calculated using the Gibbs adsorption equations 
2)and;3)1251 
rm 	(^ 2.303nRT'( dlogC it 	 (2) 
The values of minimum surface area per molecule were evalu-
ited using equation: 
1020 
Amin = 	 (3 ) NA rnun 
where Rand Tare the universal gas constant (8.'i 14J tnol-I K-1 ) and 
temperature, respectively, and NA is Avagadro's number. The pref-
actor n = 3 is the number of species at the airlwater interface. The 
slope of the tangent at the given concenrration of the , vs. log C plot 
was used to calculate r,,:,,. The r,,,,,x values increase with increase 
in mole fraction of the surfactants (Table 1): this shows that surfac-
tant solution mixtures have greater preference to get adsorbed at 
the air/water interface compared to a pure surfactant solution. The 
Amin value in presence of S mmol dm 3 NaBr for (3-C8G (37.407 A2 ) 
is smaller than that calculated in pure water (i.e.. 151.69 A2 ). which 
ir..dicates more tightly packed surfactant curvature in the presence 
of salt due to the compression of the electrical double layer of (3-
05G. With increasing mole fraction of surfactants. A,,,,,, decreases 
due to the closer packing of the surfactant ions on the surface and 
therefore the orientation of the surfactant molecules at the inter-
face is almost perpendicular to the interface 1261. An increase in 
alkyl chain length of surfactants and a decrease in spacer chain 
length of geminis also give rise to a decrease i n Am ,r values (Table 1). 
As proposed by Suglhara et al. 1271. a thermodynamic quantity 
for the evaluation of synergism in mixing. G,,,,,,. is defined as the 
work required to make an interface per mole or the free energy 
change accompanied by the transition from the bulk phase to the 
surface phase of the solution components and can be represented 
as: 
Gm,n =Am,n - Ycmc .NA 	 (4) 
The Gn„n values are found to decrease with increasing mole frac-
tion of surfactants. Hence, the lower values of G,,,,n signify the more 
thermodynamically stable surface formation (Table I). 
In order to quantify the effect of (3-C8G in the mixture of conven-
tional/gemini surfactant micellization, the standard Gibbs energy 
of micellization (28(. AG,, was calculated by: 
--- RT.Incnu 12 	 (5; 
where cmc, 2 is the cmc of the mixture of the two components at a 
given mole fraction. The negative values of the ;\G0 ,, indicate that 
micellization process is spontaneous in aqueous medium (Table 1). 
The standard Gibbs energy of adsorption (29(. 
AGads=aG, —  
The standard state for the adsorbed surfactant is a hypothetical 
monolayer at its minimum surface area per molecule, but at zero 
surface pressure. All the obtained negative values imply that the 
adsorption of the surfactants at the air water interface takes place 
spontaneously (fable 1). 
The gemini surfactants are found to be more efficient in micelle 
formation than the corresponding monomeric surfactants. This is 
due to the more negative values of Gibbs free energies of micelliza-
tion. 
3.2. Surfactant-surfactant interaction 
The interactions of the cationic conventional/gemini surfactants 
with a sugar-based surfactant ((3-CRC) in the formation of mixed 
micetUescin he interpreted in the follow;ns;way: the nonionic sugar 
surfactant has a large number of hydroxyl group ( 0H) containing 
oxygen atoms with lone pair of electrons and will have tendency 
to interact with the positively charged nitrogen atoms - N') of 
head group of cationic surfactants ,conventional(geminls). More-
over, different headgroups at the micellar surface reduces the steric 
repulsion by adjusting their conformations. Both partial neutraliza-
tion and reduction of steric repulsion form stable mixed micelles. 
The nature and the strength of the interaction between two 
surfactant molecules in the mixed micelle were determined by cal-
culating the values of interaction parameters. In the present case, 
the addition of a sugar based surfactant I (3-C8G) causes a decrease in 
the cmc values of the mixed systems. A deviation in the experimen-
tal cmc value from the corresponding ideal mixing can be evaluated 
by applying pseudophase separation model. In this context the cmc 
of the pure components can be expressed as: 
Incmc, = Inu,cmc' — InX',” 	 (7) 
Incmc2 = In( I — cx 1)cmc' — In(1 — X"") 	 (8) 
where cmcl is for the first component (cationic surfactant) and 
cmr2 is for the second component (P-CsG), cmc' values are of the 
binary mixtures in the ideal state, a1 is the mole fraction of the first 
component in bulk, and XI n` is the mole fraction of the first compo-
nent in mixed micelle. The elimination of X t " in above equations 
leads to the Clint equation (30(, which can be applied to evaluate 
the ideality in the mixtures. 
- 	(1 —a l ) 
9 cmc• 	cmcl 1 cmc2  
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The cmc values are given in Table 1. In all the binary mixtures 
surfactant+ (3-CC. the experimental cmc values are mostly less 
than the corresponding cnlc' values. 
The deviation of experimental cmc from erne' values signifies 
the nature of the interactions between the two mixed coinpo-
nents. A negative deviation of cmc values from ideality shows 
attractive interactions between the two components. Generally, 
the factors responsible for a negative deviation in cmc values of 
mixed systems of ionic and nonionic surfactant are: 1) a reduction 
in the Columbic repulsions among the ionic head groups by inter-
calation of non-ionic components (stabilizing the mixed micelles) 
and. (2) the ion-dipole interactions between the head groups of 
the two components. Thus, mixed mlcelhzation is favored result-
ing in a decrease in cmc values. However, the second factor is 
not as important in case of cationic-nonionic systems to that in 
case of anionic-nonionic system 1191. The weaker interaction in 
cationic-nonionic system is attributed to the fact that the nitrogen 
atom in the hydrophilic group of cationic surfactants are screened 
by the presence of methyl groups that hinders the formation of 
ion-dipole interaction [19.33).  A large difference in cmc and cmc' 
values is attributed to the stronger interaction between the two 
mixed components. In the present case, the maximum difference 
is found with the longest spacer (s=6). It is due to the fact that an 
increase in spacer chain length increases the surface charge den-
sity of the micelles. Thus, 14-6-14 interacts more strongly with the 
sugar based surfactant as compared to the other short spacer gem-
inis (s-2.4.5). Similar trend is observed in case of 16-s-16+[3-C8G 
systems. 
Clint's model neglects the interaction among the two compo-
nents in mixed micelles. It only gives an idea about the nature of 
interaction between the mixed amphiplules. Therefore, a further 
quantitative interpretation of the qualitative results can be done 
on the basis of regular solution theory )RST), which is based upon 
phase separation model allowing us to evaluate the micelle mole 
fraction (XI m) and interaction parameter (/3) for the mixed mono-
layer at the air/water interface as well as in the mixed micelle (/t" 
or /i "' ), which were calculated using Rubingh's and Rosen's models. 
Rubingh's approach [ I I ] gives an idea about both the nature and 
strength of the interactions of the mixed systems and the relevant 
equations are: 
[(X)2 ln(cmc1 o1 /cmc1Xtl')I 	1 (10) 
[(1 -X)2ln[cmcr.(1 -cxl)/cmc2(I -Xi')J 
In(cmc,Zal/cmc,X"') 	 (11) (1 -Xr)Z 
where, cnu l , cmcz , and cntctz denote the experimental erne values 
of cationic surfactant, (3-CG. and their binary mixture respectively 
and X11 is the micellar mole fraction of cationic surfactant in the 
mixed micelle. 
In all the cases, the values of Xi "' increase with increasing mole 
fraction of cationic surfactants :Table 2). In our case, as the con-
centration of cationic surfactant increases, their concentration in 
mixed micelle also increases. At lowal.X1 111 values are greater than 
ul values suggesting that even at low concentration of ionic sur-
factants (where concentration of nonionic sugar-based surfactant 
is high). the contribution of cationic surfactant in mixed micelle 
formation increases. At high cr1 .X1 ° values become smaller. No reg-
ular trend of X1 °' is observed with increasing spacer chain length. 
A positive 3 value signifies the repulsive interaction among 
mixed species, whereas a negative value signifies an attractive 
interaction. The values close to zero indicate ideal mixing. In all 
the mixed systems. negative /t'° values are obtained (Table 2). It 
suggests that the interaction between the two components is more 
attractive in mixed micelles as compared to the self-interaction of  
the two components before mixing. However, with higher chain 
;ength surfactants (m = 14. 16). more negative p"' values are 
obtained in case of ;rmi:lis. which shows stronger interaction of 
geminis with [3-CsG as compared to their monomeric analogues. 
With increasing mole fraction, more negative 03 values suggest 
strong interaction with [3-C8G. The charge density of micelles is 
diluted with addition of J3-Cb G. resulting in stable micelles. 
X1 'a values are calculated using equation (12) 
X ,a - _uicnlc, 	 (12) ' 	(lane? - (Y2Cmcl 
In most of the cases, the X, id values are greater than X, "' values. 
As the erne of cationic surfactants are lower than the 13-CxG sur-
tactant, the mixed micelles should ideally contain more cationic 
surfactants, which indeed are observed in the present case. Greater 
hydrophobicity of cationic surfactants and rigid structure of sugar-
ased structure are also one of the reasons for less contribution of 
3-CG surfactant as compared to an ideal state. 
Zhang et. oil 19) have reported that the presence of salt reduces 
the synergy between the surfactants and less negative (i values 
are obtained. In the present case the decrease is attributed to 
the charge neutralization by negatively charged counterions for 
cationic surfactant-(3-05G mixtures. Thus, electrostatic interaction 
in synergism is also of significance. 
For mixed monolayer of micelles. Rosen's approach (125 is 
applied as: 
j x')2 ln(conc12nl/conclX°)] 	_ 1 	 (13) 
;1 - X'; ;11n[conct2(1 - al)/conc2(1 - X°)J 
In(concl?cxl/cunc1XiT) 	
(14) 
(1 -X, )2 
where, concl, conc2. and cone 1! denote the concentrations of 
cationic surfactant. -CaG, and their binary mixture. respectively. 
and Xi" is the mole fraction of cationic surfactant in the mixed 
monolayer. 
In most of the cases.Xi 11 values increase with increase in ix l val-
ues. Also, with increase in alkyl tail of geminis. Xl° values increase 
`Table 2). For systems with low u l values. X1 " values are greater 
than al, whereas for higher cr l• the values become smaller than 
ul. Thus, at now cr l values, the contribution of cationic surfactant 
In mixed monolayer formation increases as compared to nonionic 
surfactant. In most of the cases, however, at a1-0.8, the contri-
bution of cationic surfactant becomes lower in mixed monolayer 
.formation. In most of the cases, the negative value of /1' increases 
with increasing mole fraction (Table 2). 
However, overall it was observed that the interactions of 
cationic surfactants with ]3-CG in the mixed micelles are weaker 
than in the mixed monolayer at the aqueous solution/air inter-
face, i.e., ft"' values are less negative than /f" values. Seemingly, 
steric factor plays an important role here. Greater difficulty of incor-
Porating the hydrophobic groups into the convex mixed micelles 
compared to that of accommodating them at planar interface gives 
nse to more negative /t° values than /3111 . 
The /3 values are related to the activity coefficients ((,) in the 
;nixed systems by the following equations: 
J,,, = exP((3m(l -X~n )2 ) 	 (15) 
fl' - exp[(XI')21 	 (t6) 
j,,' = exp) 'T J(1 - X, )z l 	 ( 17 ) 
f" - exp(( "(x, j )2 ) (18) 
In most of the cases the activity coefficients of sugar surfactant 
fz) are found to be smaller than that of the gemini surfactants (fl) 
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Table 2 
61,trll.ir. v: 	t,,u.. , 	.5 >5. 	.I,r >.l 	u.., 	,rI >.1 n1.11> 	.nn:, .>>1I 	('.f: 	.!'.1. I,,mrd cum•r)luunoU,a•,n n,:ufa(tanl•,u7ar,u:factant 
>1>Irl:', .:I 	>ll 	. :'. 	. t:ll.;l>I'll V 1B, >.:ltl 1'11 
.a. 	.t ..., i'`. /I f> ,\i. .. 	AJ no .'1 3)" (: li • 
OeTAB•li•~.. - 	- - 	--- 
0.2 	0.3504 0.1233 4,.1940 0.1501 03760 -25769 0.4391 -38909 0.294022 0.4723 
04 	0.4288 0.2727 -4 3713 0 2040 04083 -30056 0 5216 -4 0776 0193283 03205 
(II. 	0 4888 04575 -53(304 0.21)9 1)264') -.3 5(84) 0 I321 2 X(310 141335447 11)317 
U.S 	0.547 3 06922 -5.5750 0.1599 01 >96 -4038 04856 (.5465 2546695 2 3)56 
OMB • (i .(,G 
02 	0.4243 02436 54630 0.1634 0.3739 3.3629 03696 3.0351 0.0410 0.3337 
0,4 	0.4899 0.4620 -5.4701 0.2409 0.2690 _3.4436 1)4444 -12.8025 00192 00793 
0.6 	05363 0.6590 -703(5 0 7151 0.1305 -44363 0 4694 -116332 00373 0.0762 
01) 	05746 08415 -89878 1)1>166 00514 -5344 115051 -97344 01Wir1 001(26 
TTAB • (f -(.1. 
0.2 	05816 07097 -34650 0.5452 0.3097 -21243 0.3551 -37842 0,375 1).1971 
0.4 	0.6727 0.8670 -3.3466 0.6987 0.2399 •18502 07231 -4.1147 07294 0.1163 
0.6 	0.761 09362 -2.9449 0.8452 0.1817 -1493 0 2841 2 2177 3.1) 6) 1.15118) 
0.8 	08332 0.9750 -30980 0.9174 0.164 -10846 0 8612 -38263 0.9289 0A586 
CrAll-0-(,C 
02 	1).7010 0.4277 4.2507 0.6838 0.12,18 22444 05296 11.1903 00840 00433 
0.4 	03074 0.9710 -3.4169 03610 0.1078 --1.3385 06707 -30717 0.7167 1)2511 
035 	08460 09372 -3.8180 0.9)34 0.0650 -1.2530 07411 -3.1510 05096 0.1172 
011 	(18745 (1.0962 -4.4744 0.9340 0.0321 -1.2202 08399 -2.79)0 09310 0.)395 
10-2-10-(3-C,G 
01 	04800 0 4420 -37386 0.3639 04226 -23500 0 5089 -58532 02437 0.2193 
04 	1156111 1)418) -157(18 0.51211 l) 317.3 -22(185 0(,167 -271,18 01:3665 03494 
06 	1)13)2 0.3262 -78084 05990 0.1:71. -22283 U 61161 -1.81)19 0,7711 02567 
0.14 	06640 0.9269 -5,6769 0.5268 0.0818 -31906 06923 -5.4694 0.5958 (20727 
12 -2-12.13-C.6 
0.2 	0.7580 0.9380 3.05)7 08363 0.1732 -1.4102 06692 -6.6216 0.4845 0.0515 
0.4 	03511 0.9758 -2.7927 09400 0.1323 0.8916 07168 6.8319 0.5826 0.0293 
035 	013037 0.9890 -49660 08318 0.0339 -1 C3354 07333 -79890 05666 0.0136 
0.14 	0.8412 0.9959 -5.6076 0.10331 0.1(139 -1 68711 0/656 -1(511(8 1)6291 (3.(4538 
I4-2-l4.5-CC 
02 	09173 0.9970 -4.0894 09724 0.0320 -0.7815 0.7799 -8.4168 0.0651 0.0060 
0.4 	0.8786 013988 -6.3590 09105 0.0074 -1.7086 08849 -64430 0.9)82 0.0064 
1)6 	09312 09995 -5.7960 09730 0.0066 (19)54 0.8260 -95420 0.7490 0.0015 
08 	0921)) 09998 -7297 00555 00020 -13374 0.8892 -8.6107 08997 0)00(1 
144-14.8{.G 
02 	0.65(33 09839 11.0917 02698 0.0084 u. 3(328 01,364 -133137 0.17)0 11.U8)34, 
0.4 	0.7105 09939 -9.9676 04337 0.0065 -9.1648 06891 -115677 0.3269 (1.004) 
06 	06894 0.9973 13.4312 02724 0.0017 -; 2720 06733 -146828 02188 0.0012 
(IX 	0.7073 0.9990 144325 02)390 0.0007 2.553, 0.7076 146564 0.2856 (1.111107 
14.5-14 • (3-(. G 
02 	06398 0.9792 -11.7274 02134 0.0082 -58083 06)2l 132916 0.1655 0.0049 
04 	0.6901 09920 -10.6084 03610 0.0064 - 	5.1153 01,745 119154 0 2943 (1(11(40 
06 	068)8 0.9965 -'3.4)95 02555 0.0019 --3450 05791 -1422)2 02310 0.0014 
08 	0.6994 013987 -14.5058 02696 0.0006 -7 6626 07047 - 14 5486 0.2812 	- 0.0007 
14.6-14. i3-C.c 
1)2 	06418 0.9792 -1154(10 92275 01086 I, 61(32 UK IS 14(30) 0.1154 ((0047 
04 	043934 0.0920 -103383 01766 018)66 -' '.636 U 1,702 -I 15550 0784(; 0.0056 
06 	06867 0.9965 -13.0289 0.7764 0.0021 -,0014 05847 -11)6)1 03070 0.0030 
08 	0.7064 0.9987 -13.9314 0.3009 0.0010 -7.2787 013869 -151185 01172 111101174 
16-4-16 - 
02 	07884 0.9961 7.3550 0.7194 0.0103 3.0510 0.7306 - 9.7214 05084 0.0009 
1)4 	034756 0.9936 -7.0006 08463 0.0063 11630 1)7S93 85634 0.6337 0.0048 
0.6 	08111 0.9994 -9.1795 072116 00020 -35909 03093 -9.1156 0.7178 0.0026 
09 	08635 09998 -8.9220 0.8468 0.0013 -2.6492 u X419 921466 (1797S 0.1141) 3 
16.5-16•3{,(; 
02 	07853 0.9954 -7.1717 0.7185 0.0(20 -3046) 07610 --7.3130 0.6585 0.014 
04 	0.8325 09933 7.1703 0.8179 0.0069 -2.5188 0./509 -9.2444 0.5869 0.0043 
11(3 	(1793% 0.9992 -9.9247 06557 00019 -44)62.3 1)7508 -11.2001 04960 00017 
(38 	1111414 114467 6.5)112 071110 111811) -3 '997 01720 -11.99161 053611 0011)04 
16-0-16-15.06 
02 	0.7(393 09948 -7.5182 0.6702 0.0117 -1.3613 07722 -6.9346 06978 001(1)) 
04 	0.842, 091980 -6.6591 08479 0.0086 -22248 08711 -5.4796 09130 00156 
06 	0.7841 01 091 -10.1289 0.6237 0.0020 -4.3196 07827 9.7413 0.6313 0.0026 
118 	0.8244 01)307 -9.9930 0.7348 0.0011 3.6443 07866 11.2811 0 5983 00009 
(Table 2), which is less than unity. indicating nonideal behavior 
and synergistic interaction between two components in the mixed 
micelles. 
The greater the value of Interaction parameter. the greater the 
extent of nonideality in the system and smaller the valueofactivity 
Coefficients.  
3.3. Mot 	Study 
Of the two main factors responsible foi nlicellar growth one 
is the electrostatic repulsion originating from intermicellar and 
intram(cCiiar Cuulonlbic )ntera(tiun5 which favors micelles with 
a high surface area per head group (i.e.. spherical micelle) and the 
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[surfactant) mM 
Fig. 3. Puts of telauvr• vtxosny ( ) vents gemini surfactant concentration of 10- 
2-:0 • ). 12-2.12 • ;. 14-2-14 (• ), 14-4-14 (* ). 14-5-14 (A ). i4-6.14(U ), 
16-4-to 	:, 16-5-15 ;A i.  16-G-16 (■ I. in the pros nce of 10 mM 5{5G and 
S mmo. dm- ' NaBr ar 30 C. 
other is hydrophobic interactions between the hydrocarbon por-
tions of the micelles. Surfactant solutions having spherical micelles 
are isotropic in nature and have low viscosity. whereas, on the for-
mations of anisotropic micelles (e.g. rod shapedfnonspherical), a 
distinct rise in the viscosity of the solution occurs (32). Therefore, 
viscosity measurements can be used for the monitoring of mor-
phological transition in the surfactant solutions, (e.g. spherical to 
nonspherical). 
The viscosity measurementsofcationicgemini (m - 10,12 (s - 2), 
14 (s- 2.4,5,6),16 (s- 4,5,6)) were performed well above their cmc 
values (.100 times) with 10mmoldm-' (3-CriG in presence of 
5 mmol dm-3 NaBr aqueous solutions at 30 C. which ensures that 
the viscosity values obtained are of aggregate assemblies of surfac-
tants. The viscosity increases with an increase in the concentration 
of gemini surfactants (Fig. 3). 
On comparing the systems having geminis of different alkyl 
chain lengths, it was observed that the qr values were higher 
with longer alkyl chain length of geminis (m- 10<12< 14<16). 
The stability of the m-s-m surfactant monolayer increases as the 
hydrophobic chain length increases, which is in direct relation to 
increasing stronger hydrophobic interaction 1331. This causes more 
pronounced micellar growth, as depicted by high q, values (Fig. 3.). 
However, on comparing geminis of different spacers, it was 
found that the viscosity enhancement was more with decreasing 
spacer chain length (r.e., s-2 >4>5>6)  (Fig. 3). The conformation 
of the gemini molecule depends on the length and type of the spacer 
moiety. This reflects the ability of short spacer geminis to form 
micelles of very low curvature at fairly low concentrations ( 34(. 
With short spacer length, the geometrical constraints are 
increased in the formation of aggregates. In case of s- 5,6 com-
paratively slow increase in qr values with gemini surfactant 
concentration was observed. The effective headgroup size of the 
gemini surfactant Is monitored by the spacer chain length (35). 
Lesser headgroup size enhances the tendency of micellar transition 
more as compared to that of large headgroup size. This is clearly 
reflected by a large increase in pr values with s-2,4. However, for 
3-5.6  larger concentration might be needed to cause micellar shape 
transitions (Fig. 3). 
Within gerninis, due to different spacers and alkyl chain lengths. 
the viscosity of the surfactant is not the same even at their same 
concentrations. Our results are in line with earlier observation 134(, 
suggesting that gemini surfactants with short spacers having a very 
strong tendency for micellar growth. 
Fig. 3 shows that the s . r transition concentrations increase 
with spacer (s). This is due to the steric effect caused by an increas-
ing flexibility of the s bridge, which permits a closer approach of 
the two ammonium headgroups of the gemini surfactant molecule. 
On the other hand, a comparatively longer bridge (spacer) keeps 
both the ammonium head groups separated and hence, reduces 
the tendency for micellar transitions. 
As proposed by lsraechvilli et of 1361, the micellar shape is 
mainly governed by the geometry of the surfactant and its packing. 
The nticrllar growth (spherical-nunspherical) causes an increase 
in the surfactant packing parameters. P. where P-v/AI (v - volume 
of the hydrophobic portion of the surfactant monomer, A -surface 
area per head group.!- length of the hydrocarbon chains). Thus, a 
reduction in A is larger in case of shorter spacer. which is strongly 
evidenced by progressive increment in rl r values (Fig. 3). This is 
supported by data given in Table 1. 
4. Conclusions 
The interaction of a series of diquaternary gemini surfactants; 
alkanediyl- a.w-bis(dimethylalkylammonium bromide) of differ-
entalkyl chain length and spacer(m -10.12. s - 2; m- 14, s-2.4.5,6; 
m - 16.3- 4,5.6) with a common sugar based surfactant, octyl-3-D-
glucopyranoside ((3-CgG) in Smmol den 1 NaBr was investigated. 
Following conclusions were drawn: 
• The trend observed for reducing the cmc as a function 
of mole fraction is: 16-4-16> 16-5-16516-6-16>14-2-14>14-
4-14>14-5-14>14-6-14>12-2-12>10-2-10 and (TAB>TTAB> 
DIAB > DeTAB. 
• With increasing alkyl chain length of cationic surfactants and 
with decreasing spacer chain length of geminis. the n(" values 
increase, indicating that the efficiency of the system increases. 
• The f-m,E values increase with an increase in mole fraction of 
surfactant. The surfactant solution mixtures have greater pref-
erence to get adsorbed at the air water interface compared to a 
pure surfactant solution. 
• With increasing mole fraction of surfactants, Amin decreases due 
to the closer packing of the surfactant ions on the surface and 
therefore the orientation of the surfactant molecules at the inter-
face is almost perpendicular to the interface. An increase in alkyl 
chain length of surfactants and a decrease in spacer chain length 
of geminis also give rise to a decrease in Amin values. 
• A large difference in cane and cmc values is attributed to the 
stronger interaction between the two mixed components. It is 
due to the fact that an increase in spacer chain length increases 
the surface charge density of the micelles. Thus, 14-6-14 interacts 
more srronglywith the sugar based surfactant as compared to the 
other short spacer geminis(s-2,4.5). Similar trend is observed in 
case of 16-s-16+ (3-CBG systems. 
• With increasing mole fraction, more negative Q values sug-
gest stronger interd(,iQti with (3-CgG. which is observed in 
higher chain length cationic surfactants (m - 14.16). Also, gemi-
nis show stronger interaction of with [3-CsC as compared to their 
monomeric analogues. 
• The carionic surfactants studied and their mixtures with (3-CBG 
have a greater preference for adsorbing at the air/water inter-
face relative to mixed micelle formation. In this regard. gemini 
surfactant- ) -CsG mixtures are found to be more effective, as 
indicated by more negative 13° values than (3r0. 
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• Large viscosity values With longer alkyl chain length geminls 	1181 
(fit- 10<12<14<16) are due to the increase in stability of the 
in-s-m surfactanr monolayer with increasing hydrophobic chain 
length as a consequence of stronger hydrophobic interaction. 
which confirms more pronounced micellar growth. 
• More pronounced viscosity enhancement with decreasing spacer 
chain length ;1.e., s = 2>4>5>  6) reflects stronger ability of short 
spacer geminis to form larger assemblies. 
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Abstract Salts have the ability to influence the water 
acti\iit`• and sell-association of ionic micelles. In the 
present case. ,_cmini surfactants: ethanediyl- .r1)-his 
(dimethyl alkyl ammonium bromide) (referred to as m-2-
m. in = 10. 12, 1.3) are synthesized and their micellization 
study in aqueous medium in presence of mono%alent 
inorganic (NaBr. NaNO;. NaCl. KCI, LiCI) and organic 
.alt: (NaTos. NaBenz. NaSal) at 303 K is sy>tematically 
investigated by conductometric and tensiometric methods. 
All the salts have the tendency to lower the critical micelle 
concentration of the surfactants. The effect of inorganic 
salts on the micellization properties has been found to obey 
the liofineister aeries. Organic salts reduce the CHIC more 
effectively as compared to inorganic salts. The theoretical 
models of Ruhingh and Rosen have been used to compare 
the results and obtain the interaction parameters. minimum 
area per molecule, surface excess. mixed micelle cornpo-
sition, activity coefficients and free energies of micelliza-
tion/adsoration. 
Kev%%ords Cationic gemini surtactants Critical micelle 
concentration \fixed micelles • Synergism • ('ounterion 
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Introduction 
Over the last few decades, a new type of surfactar.t, gemini 
or dinieric. has recei\ed keen attention worldwide. The 
reason is that these surfactants possess superior physico-
chemical properties ov er cons entional surfactant.. They are 
made up of two amphiphilic moieties connected at the level 
of the headgroups by a spacer group. Owing to their unique 
structure, they have much lower critical micelle concen-
trations (CHIC), better wetting. foaming, sol~rhilizing abil-
ities. and unusual aggregation morphologies (1-71- Gemini 
surfactants of the type m-.s-m are generally used for most of 
the research studies, where m is the carbon number in the 
alkvl chain length and is the carbon number in the spacer 
chain length. The stereochemistry of the spacer and the 
alkyl chain length of gemini surfactants play significant 
roles in understanding the micellization phenomenon [3-7I. 
Gemini surfactants with short spacers have a shorter 
distance between the two alkyl chains, a characteristic 
which enhances the hydrophobic interaction. restricts 
hydrophobic hydration and minimizes electrostatic repul-
sion between the two alk%l chains of gemini molecule 
leading to low CHIC values. As a result, they reflect higher 
functionalities that could lead to a reduction in their con-
sumption. This is it point worth mentioning regarding their 
entironmental toxicity. These surfactants are capable of 
lemming worm-like micelle.. causing micellar growth at 
low concentrations I. I. 
The self-aggregation or micellization of surfactants in 
solution is a well-known phettontenon, which depends on 
the amphiphitic species and on the conditions of the system 
in which they are dissolved. It is mainly controlled by two 
opposing tendencies: the removal of the nonpolar hydro-
carbon chains from the aqueous environment and the 
repulsions among polar head groups, which is reasonably 
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p:Icllied h\ t:r pre,ence of cuu flier on 	he surface ut the 
micelle. The narrow concentration ranee over which sur- 
factant Nrhuuums show an abrupt change in the ph\ ,ic„- 
chemical properties is calla! the Ch1(', where micelle 
formation starts taking place (1n, IIJ. Thus, the charac- 
Icristics of these aggregates are easils controlled by the 
chances in the surfactant molecular structure and the 
solution conditions, such as pH. concentration. tempert-
ture, additives. etc. 
Depending on size and nature of counterions. micellar 
morphology can he controlled by addition of c;tltc II 
Salts have the tendency to lower the ('MC of ionic sur-
factants. In the past, the effect of salts on the micellization 
process has been investigated in the light of Holmcuter 
series (I IS. '.\ here ions have been classified in order of 
their abiht\ to salt-out or salt-in proteins (141. 
The properties of ionic surfactants possessing small 
curmtcrtons. such as halides. zenerall :ooflo\\ fUS, which i, 
related to the pofarizabilitv of ions. ll drophohic/chao-
tropic counterions are bound more strongly to the micellar 
surface than hydrophilic/kosntotrupic counterions. As 
compared to kosmotropic anions, chaotropic anions are 
more effective in promoting the micellar gross tit of ionic 
surfactants II .S, I6J. Therefore, a decrease of hvdrophr\-
bicity 1polarizability) of the counterions generally reduces 
its allinily, towards ionic micellar surfaces and the tendency 
to form ion pairs leads to higher ionization degrees. This 
disfavors the micellvation process and gives higher CNI(' 
values. 
However, in the case of polyatomic ions, the stetic 
effects and inter/intramolecular interactions play important 
roles in the aggregation behavior of amphiphiles. A liter-
ature re\ iew L I7-2cii has thro\+n light on the micellization 
of surfactants in the presence of various anions such as 
halides or alk\Isullonates, as cell as benzoate derivatives. 
It was observed that the ('MC and ionization degree of 
micelles do not depend on a single known parameter of the 
nature of the counterion (i.e., ion size. polarizahilitN, or ion 
hvdrophilicity. etc.). 
I hu.. tr a proper understanding of the fundamental 
tuicellar solution properties. we report micellization studies 
of more efficient gsenuni surfactants has tug a shorter spacer 
(m-'-ml (Scheme If in the presence of inorganic and 
organic salts by conductometric and tensiometric tech-
niques. The small inorganic counterions (Br-. ('l. NO;-. 
which are principally from the Ilotmciaer series) and 
aromatic counterions iTos-. Beni-, Sal-. Scheme 2) have 
been taken into account. In order to evaluate the effect of 
alkyl chain length variation (ni = I0. 12. 1.4) on the mic-
ellii.ation process, we have kept the spacer chain length 
(s = 2) and headgroups the same in all the geinini'. The 
gemini surfactants used in the stud\ have proven them- 
gel\Cs to 1'.' t`es,Nh inhibitors of Iron cbTosion in a 
H ,(' 	 ('I I . 
2 ('„ I1,, , I Bi + 	N 	('II. , 
II,(' 
('ll; 
('ll t 	('I1, 
II n,_ ; C.,❑ 	N 	Cl I, - 	N 	(' 11.l 2Br 
('II;  
(m = 10, 12, 141 
Scheme I Protocol for the syiilhesis of m-2-In gemmis 
CCO 4, 	 cco ova' 
OH 
Cris 
Iii c IS31- I sodium Ixn,ojI (Benz - I "ahum Inc\lare ITni ) 
Scheme 2 Molecular smniclures of the aromatic salts (hvdruuoxs) 
h\druchloric acid medium. Due to the formation of a 
protective laver on the electrode surface Ill 1. they show 
maximum inhibition efficiency near their CAMC values. 
The micellization behavior of gcmini surfactants is 
significantly affected by the presence of electrolytes and 
the effect is generally attributed entirely to the interaction 
of counterions with the gemini micelles. as reported in the 
literature 1 I'). 22-'i I. There are, furthermore, sonic reports 
I_26, 27J which indicate that co-ions can also affect the 
micellization phenomenon of ionic surfactants. 
Experimental 
Materials 
The chemicals I-hrongdeeauc (Sigma-Aldrich. USA. 
_98 '4). I-broniododecane(Sigma-Aldrich. US.A. -_97 '.~ I. 
I-bromotetradecane (Sigma-Aldrich, USA, >')8 `/r ), N. N. 
,V, ;V-te(rauiictlir fcCh y lenetfiatiune (s d. fine-Chew . Mum-
bai. ' `)9 '.~ ). propanol (F. Merck. Mumbai, >99 '41. NaNO, 
(Merck. Munihai. >9S `i ). NaBr (s. d. fine-Chem.. Mumhai. 
>~)t+ '.Y ), NaCI (s. d. fine-Cheat., Nluntbai. ->98 '4). KCI 
(Merck. Mumbai. 99.5 S4►. LiCI is. d. fine-Chem.. Mumhai, 
>98 %), sodium salicyfate NaSal (Fluka. Switiceland. 
>9') S4). sodium tosvlate N:iI'os (I'luka. Switzerland, 
70-9O '. I, and sodium henzoatc NaBcnz (Merck, Germans. 
99.5 `4-) were used as received. Water was distilled twice 
over alkaline K\1nO in an all-;lass still. 
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concentration, a decrease in CMC values of gentini sur- molecules and 	solvates 	the 	apolar 	chain- 	Due 	to 	the 
factor i s is observed. This can be understood by considering hydmphubic effect or the assembly of the a;uphipi[i1it 
the positive and ncgabvz contributing factors in the mle- monomers, a not entropy increase in the system takes place, 
etliz]rina process_' I'he primary driving force in micollizo- There is n holance herween the cIcctroatatic force among 
tion is the hydrophobic effect associated with the alkyl the amphiphilic headgroups with their coumedonc and 
chain assoeiatio l , !D], which promotes the release of water water at the Inicellur su[face. Neutral on pairs are formed 
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by the positively charged headgroups and negatively charged 
counterions in solution that are less hydrated than fire ions, 
which ultimately leads to the release of water into the bulk 
with the entropy increase. The more hydrophobic the coun-
tetion, the more strongly it interacts %%ith an antphiphilic 
micellar interface (leading to stronger ion-pair formation), 
hence favorins; micelle formation by reducing the CiNIC. 
The position of an ion in the Hofmcister series (I IS) is 
considered to depend upon its hydrated radius (r1 ), or 
poIartzab1IiIY (p) and charge. The hydrated radius of the 
anion is inversely proportional to its polarizahility. An 
anion having large polarizahility is expected to enhance the 
binding of the counterion at the micellar surface and also 
decreases the electrostatic repulsion between the head-
groups of the surfactant molecules, thus increasing the 
tendency of nticellization and lowering both the CNIC and 
p. Therefore. a typical HS for anions is as follows: Ace-
tate- < ('I- < NO < Br - < CIO,- < 1- < ('NS - (the 
positions of the NO and Br- ions are often switched in 
the HS) [33J All ll the physical properties of the ions 
correlate well to the CHIC as lone as the ions have similar 
electronic configuration and similar morphologies. As the 
hydrated size of Cl- is larger than that of Br- [?S[, the 
Mobility of the former is smaller, and its ability to increase 
micropolarity is weaker. The counterions are adsorbed at 
the positively charged head groups of the micelle. Less 
hydrated Br hinds more strongly and, therefore, it can 
More strongly screen the interaction between Gemini 
headgroups. Br-. with a larger diameter, has a stronger 
Ability to suppress the Stern layer and reduces the curvature 
4 the aggregate. Thus, the formation of larger aggregates  
1, mote lavorable in the presence of ,NaBr. As a result. the 
(.MC decrease i5 larger in NaBr than NaCI. As regards 
other physical properties of the ions, it has been found that 
the hydration number (not) increases with the CsIC. 
whereas the partial molar volume (t,), the polarieabilny 
ipt and the I\otropic number (N) decrease with increasing 
('MC' [i4_ì[ In the present case too, it decrease in the 
CMMC is found with the increasing polarizability of coun-
ierions (Fig. ?. where the polarizabilit (p) versus the CNIC 
of 14-2-14 in the presence of 5 nuM of NaBr, NaNO, and 
`aCl is plotted). 
To extend our study further we have also chosen salts 
having an aromatic benzene ring in their structure (NaBenz. 
NaTos. NaSal. Scheme 2). These organic salts, also refer-
red to as 'hvdrotropes'. are surface active and highly water 
soluble, which increase the solubility of solutes in water. 
Like surfactants. they have hydrophilic and short/cyclic 
hydrophobic groups. NaBenz contains a carboxylate 
group. NaSal contains a carhoxylate and a hydroxyl group, 
whereas NaTos has a sulfonate group attached to the 
benzene ring. The difference in behavior can be explained 
by taking into account the structure, nature, and the relative 
basicity of the groups attached to these salts which leads to 
the following hydrophilic ranking (37]. 
-COO > -SO 4 
:1s NaTos has a -SO l. which is less hydrophilic than 
-COO- of NaBenz. the ('MC decrease is slower with the 
former salt. It is well known that among different 
hydrotropes, NaSal is the most effective towards cationic 
surfactants [3KJ. Sulky late is the hcnzoate-derived 
counterion, which has a delocalized negative charge 
making it more hydrophobic (despite the presence of a 
hydrophis lig -OII group). Salicylate has planar geometry 
which restricts the rotation of the carhoxylate and further 
stabilizes the hydrogen bond. Due to this intramolecular 
hydrogen bond in the salicrlate ion, it is strongly 
hydrophobic [23[. The orientation of -COO (with respect 
to -0111 is responsible for the growth. 
\Ve can see that in the absence of salts. the CM(' is not 
as lowered as in the presence of salts (Fig. 'hl \%hick 
clearly indicates that at zero salt concentration, the sur-
factant molecules are not as tightly packed as when the 
micelles are formed in the presence of salts. In the absence 
of an salt counterion, the positively charged headgroups 
of gemini molecules tend to keep surfactant molecules 
away from each other due to electrostatic repulsion. As the 
addition of it salt takes place, a screening of the effective 
positive charges in the headgroup weakens the electrostatic 
repulsion. In addition, with cationic amphiphiles. Sal II 
Benz- intercalates between the headgroups. Tile -COO-
gmup interacts with the positise charge of another micelle 
reducing its surface charge. in this way the micelle: come 
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closer to each other, making the hydrophobic interaction 
relatively stronger. Both these factors are responsible for 
lowering the CMC. 
Ion-specificity is considered to be an important factor 
for micellar transition. A carboxylate headgroup is con-
sidered 'hard' and a sulfonate headgroup is considered as 
'soft', therefore, their interactions with soft ammonium 
headgroups are different and thus hydrotropes can be 
compared to inorganic ions. This can be attributed to lower 
hydrophilicity of the sulfonate compared to the carboxylate 
moiety [3Y or by a stronger interaction of the cationic 
surfactant headgroups with sulfonate groups compared to 
carboxylates as per their relative positions in the Hofinei-
stcr series [4)1.  There arc two types of ions: 'hard' ions 
have high charge density and high polarizing power and 
'soft' ions have low charge density and low polarizing 
power. According to the 'matching water affinity' concept 
of Collins [-311. soft ions come into contact with soft ions 
and hard ions come into contact with hard ions. However. 
if hard ones come into contact with soft ions, they do not 
come into proximity and their hydration spheres remain 
intact, hence interacting weakly with each other. Therefore, 
such mixtures, where quaternary ammonium headgroups 
behave like soft ions, are responsible for enhancing the 
potential performance of gemini surfactants. 
The reduction in CMC values in the case of the anionic 
hydrotropes and gemini surfactant systems indicates the 
existence of synergism between the two. An attractive 
interaction is operating between the two components. In 
addition to charge neutralization, intercalation of the 
hydrophobic part of the hydrotropes into gemini micelles 
also occurs. As can be seen (Scheme 2). all the hydrotropes 
used herein contain a hydrophobic benzene ring. Due to 
the interaction of the positively charged headgroup of the 
gemini with the it-electron cloud of the benzene ring, the 
hydrophobic interaction increases. Whereas, at high con-
centration of hydrotropes, due to higher interaction, the 
additional it-it aromatic interactions between the headgroups 
Scheme 3 Schematic 
representation of mixed micelle 
formation of cationic gemini- 
organic countenon thydrotrope)  
systems 
• :- t 
Hydrotropes  
of hydrotropes are observed [-12[. All these changes are 
responsible for enhancing the hydrophobic environment in 
the gemini-hydrotrope system (Scheme 3). 
Thus, the reduction in CMC on addition of hydrotropes 
to gemini surfactant solutions is due to two important 
factors. The partitioning of hydrotropes and their adsorp-
tion on the headgroups of geminis (i) reduces the electro-
static repulsions, and (ii) enhances the hydrophobic 
character, thereby reducing the concentration where 
aggregation begins. Besides, the possibility of hydrogen 
bonding cannot be ignored. 
Role of Spacer and Alkyl Chain Length in the Gemini 
Micellization 
The miccllization and adsorption properties of cationic 
gemini surfactants are strongly affected by the alkyl chain 
length and the nature of the spacer. For s = 2. as the distance 
between two alkyl chains is short, the hydrophobic interac-
tion is promoted. As a result, the hydrophobic hydration is 
restricted and electrostatic repulsion is minimized between 
the two alkyl chains of the gemini molecules, producing 
lower CMC values. It can be inferred from the Table I data 
that, when we move from m = 10 to m = 14 (alkyl chain 
length), the hydrophobic interactions are considered to be a 
major driving force. During micelle formation, the water 
molecules in hydration shell around the hydrophobic parts of 
monomeric amphiphiles are released, also resulting in a 
greater entropy increase and giving rise to micellization at a 
lower concentration (lower CMC). With s remaining the 
same in the three gemini surfactants used herein, the decrease 
in CMC follows a behavior akin to the alkyl chain length 
effect of conventional surfactants. 
Surface Properties 
Gemini molecules are found to be more tightly packed at 
the interface and the ,fit- decreases considerably with 
Cationic gemini  
surfactant 
Mixed Micelles 
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Table 	I 	\ 	luc ,  ,.I (- \IC. 	11,'., 	I. 1, 	. .,nil 	ii i 	;:: 	... 	,utI.trot 	I: -.'-i 1-- 	 at 	3m; 	K 
Addttt c ImMlr ( -\l(' 	m\1r Ilil , ni\ m 	I 	In tmol m 	:1 1.,..,.1,\ 	I .\(;; )kJ mol-' I \C;,. IKJ mol -'' 
1.iCr 	+ 	14.2.14 
u Its 35.41 -66 217 -32,) -:752 
0.5 0.098 37.56 8.35 I9) -3330 -37.87 
0087 37.66 8.41 197 -33.66 -38.14 
0.058 38.14 9.54 174 -34.69 -38.69 
1 (11)5 3 39.58 997 167 _34.t.8) - 38.87 
5 I+.044 45.3 1(1511 158 -35.39 -39.50 
NaCl 	14-2-14 
((5 11.1174 39.1-1 8.99 185 -34.06 -38.30 
111157 39.50 981 169 -34.71 -38.74 
2 113844 '9.5? I1.38 146 -35.39 -38.86 
0030 39.75 12.59 132 -36.31 -39.47 
5 11026 40.67 (2.76 ISO -36.71 -39.9 ) 
KC! -+ 	14•2-I4 
IlS 03168 38.95 9.19 181 -34.27 -38.51 
(II154 40.26 1087 153 -4.87 -38.58 
2 11 038 40.98 (IS)) 144 -35.72 -39.29 
3 01128 39.62 13.31 125 -36.53 -39.50 
5 (1(124 .01.92 13.55 123 -36.92 -39.94 
\',811'(1, + 	14-.1-1J 
0.5 0052 41.53 10.34 161 -34.97 -38.93 
0.036 42.92 11511 144 -35.86 -39.59 
2 (1(128 13.51 II 76 1.11 -36.48 --40.16 
3 (11)21 45.19 1330  1_4 -37.25 -40.63 
5 (1.1)18 45.11 14. ±? 116 -37.6-) -40.79 
- 14-2-14 
115 (11)50 41.21( 12.27 135 -35.113 38.411 
1 (1.035 42.02 13.25 125 -35.928 -39.11) 
2 0.024 43.12 1436 116 -36.915 -39.92 
3 11.1118 4104 14.45 IIS -37.5711 -40.41 
5 0.(115 43.96 Ii 36 109 -38.09k) -40.96 
.NuTos t 14-2-14 
115 ()(1(6 386- 1246 133 -35.25 -38.35 
0140 4(.98 13.03 127 -35.63 -38.85 
2 (102 1 42.76 13 58 122 -37.25 -40.40 
3 1)1)1.1 45.06 14.87 112 -38.18 -41.04 
5 0011 4.3S 15.37 1ft -38.77 -41.59 
Na8en: -- 14.2-14 
05 U04; 40.01 12.71 151 -35.45 -38.00 
I 0.037 411.63 13.62 122 -35.79 -38.77 
2 (1.012 1128 14.35 116 -38.56 -41.44 
3 0(N)9 41.33 15.52 107 -3939 -42.05 
5 111817 31.5- 15.81 1115 -40.02 -42.65 
.WlSal + 14.2.14 
0.5 0029 35.52 1308 127 -363(1 -39.11 
(11124 15.5 14 63 114 -36.86 -39.29 
2 111819 36.711 14 67 113 -39.25 -41.75 
3 0.(817 ;6.8S 16.28 102 -39.85 -42.11 
5 11INK, 36.71 16.00 1(10 -4(1.41 -42.61 
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Synthesis and Characterization of Gemini Surfactants 
A mixture of N. N, N. N- tetramethylethylenediamine with a 
corresponding bmmoalkane in by propanol was relluxed 
with conunwus stirring for 48 ]i to symhcsize ethancdiyl-
v,m-6is(dintetoylalkvlammonium bromide) (10-2-I0, 12-2-
12, 14-2-141 gemini surfactants [2X, 29] (Scheme I i. After 
evaporating the solvent, the residue was recrystallized in a 
mixture of :welone and ethanol Ibite lunee to give a white 
product. The compound was dried in an oven for 3 days 
until constant weight was attained. The yields were almost 
quantitative, 90-97 om. The purities were checked via 
'H-NMR spectra recorded in CDCI1 solulion with HRCKFR 
AVANCE 7110 Mflz spectrometer. 
'H NMR (300 MHz. CDCIf) (ni 2-m): 6 = 0.9 ft.  6H. 
2tCH3)I, 1.26-1.38 in, 36 H, (—CH,) alkyl chain), I.81 
Ira, 4H, CCH,CN alkyl chain 1, 3,50 [s, 1 2H, (CHr),N-1, 
3.59 [i, 411, CCC1l1N` alkyl chain], and 4.67 ppm [3,  411, 
N-CH1CH3N`]. 
ConctnatnmcVic Measurements 
The raadaersce measurements were made a ith a Sys-
Ironic conductivity meter 306. using a dip cell (sell con-
stant D- I an I),  The cxperiments were performed z_ 303 K 
by circulating water through a jacketed cell holding the 
solutions tinder sands. Concentrated stock solutions of 
SL n£uc)snts were prepared in double-distilled water or in 
salt of desired :onccntiaUon. These stock solutions were 
added to aknown quantity of distilled wale] or salt solution 
of concentration as in the stock. The conductivity at each 
concentration was measured by successive addition of 
concentrated suCactant stock solution to the thennostated 
solution. 
Sti rtaCC iiRIOn Me1Nm men! t 
The surface tension measurements were done by a Kress 11 
'Pcnsiometer by the pla(inrm nag detachment method. 
Concemrated stock solution of surtaeumt prepared in dit-
lerent fixed conceattotions of salt solution win added in 
immlhncnis to a known quantity of distilled water {or salt 
solution of fixed concentration as taken in the stock) in a 
vessel and the readings were taken after thorough mixing 
and temperature equilibration The Corrections to the 
y salues were made according to the procedure of Harkins 
and Jordon in-huilt in the instrument software, The accuracy 
of the y value measurements was within t0.1 mNm 1 . 
Results and Discussion 
The surface tension of water decrease, with an increase in 
SurfaL taut concentration. At low Cu neenlrnlions, the su1-
faetant molecules have the tendency to adsorb at the liquid/ 
air interPncc until the surface of the solution is totally 
occupied and then the excess molecules lend to self-asso-
elate in the bulk-solution forming micelles. This results in 
the inv  ad, nt surface tension. The CMC for punt surfamanLS' 
and .surfactant-additive system, were determined by dis-
tinct breaks in the surtirce tension/specific conductivity 
versus concentration plots. The surface tension measnre-
ment technique his been found to he more advanced over 
conductometric technique, as small micellar aggregates can 
be detected by this loonies nrelhud. Here, we have given 
reproScastye plolx OF surface tension versus log cone. of 
pure m-7-In (m = 10, 12, 14) (Fig I) I'he CMI'. values for 
ptire Gemini surfactants are in accordance with the reported 
literature values [2 	The determination of CMC and the 
other related parameters are dependent upon the Inethod-
ology adopte 1 and these values show variation by ditterent 
methods. Therefore, we have taken average CMC values 
determined by tensiometry as well as condunometry for 
general correlation. Variation of CMC with salt cunuelt-
Iration is presented in Fig. 2, which make, Iltc role of 
colon/ecunrenon quite eci dent with regard to CM(' values. 
Role tN Cu- and Couritarioa';s on the Micelliantion 
of Gcmims 
The CMC and ceanrerian dissociation for the self-aggnc-
gatin= Beni r in the presence of different hxed conceit-
(rations of sells of Na`, K* and Lip were cteremrined at 
303 K. The CMC funning cll➢cieny order was K > 
Na' > I.1+. The charge on he caunterion plays sienificurn 
role in tie micelliization phenomenon. In Pig_ )a, the CMC 
values obtained see plotted against the added salt concen-
[rations. Due to the synergistic effect, on increasing salt 
Ql Springer' k 
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inereaoro_ salt concentration. The variation of ll( '\rc the 
surface pressure at the ('\IC). 1',,5 Ithe maximum surface 
excess). ,4 :, )i))nro1uln surface area per inulecule), JGJ 
(the standard Gibbs energy of micelluatiun) and :\G, the 
standard C,ihhs rvergy of ad'arpeium value., ebtamned 
different concentrations of the added salts in 14-2-14 
.solutions, are collected in Table I. Ilo%%ever, for the other 
two ceminis t I0-2-IO and 12-2-12). these parameters are 
given in supporting information sTables TI a. TIh~ 
Detailed explstations for these par at 	are gi%en 
belo%%. 
Effect of Salt (ounterions on 
The lit \tr values %%cre obtained by using equation: 
n('ntc = ; u - (nu' 	 (H  
where In and ; t Sit are the surface tension of the solvent 
and the surface tension of the mixture at the CM1C. 
respectivelk. With an increase in salt concentration, the 
increase in Il(-\t(• value% indicates increased efficiency. 
The trend is as follows: 10-2-11) < 12-2-12 < 14-2-14 
(Tables I. TSIa. TS1h). 
Effect of Salt Cuunteriuns on 
The Gibbs Eq. (2) J43J is used for calculating I' .,,, of the 
gemini molecules at the air/water interface 
= ( 12.30inRT) (dl 'db eC)T 	 (2~ 
where K and T are the universal ea` constant 
(9.314 J mol-` K -') and temperature, respcctivcly. The 
pretactur n is the number of species which are adsorbed at 
the air/ water interface. In the present case, we have taken 
it = ?. The slope ul the tangent at the given concentration 
of the :• versus toe C plot was used to calculate F. The 
1 	 . vaiues increase with all increase in salt concentration 
(Tables I. TSIa. TSIb. Ftc. 4). It can he inferred from the 
result that. in the presence of salt., the geinint surfactant 
molecules have it greater tendency to be adsorbed at the air/ 
water interface, compared to that in the absence of salts. 
The presence of salts reduces the repulsion anlumg head 
_r01111` and more gemini surfactant molecules can he 
adsorbed at the interface. This can he directly related to the 
minimum area per head,Lruup IA,,t %ales as given belts%. 
Effect of Salt Con nteriuns on A,,,,,, 
'4mm is calculated using the equation: 
lf)- .VI 	 it 
where N. is Avugatin,'s number. Due to the effective charge 
shielding in the presence of salts and the tight packing of the 
gemini surfactant ions at the micell:u surface, the t,; ,, aloe 
.huts it decrease with increasing concentration of salts 
(Fig. ;). It also confirms that the gemini surfactant molecules 
are almost perpendicularly located at the urigiellar interface 
I: ill 
Effect of Salt Counterivrrs on r'-Values 
Various factors play an important role in the addition of salt 
Li urvtcriutgi. The present counterions in the solution are 
electrostatically attracted to the charged iniaellcs and are 
adsorbed into the inner electrical double ta'er, partially 
neutralizing the surface charge. The extent of charge neu-
tralization is known as counterion binding. The degree of 
gli..uciation (') was obtained from the ratio of the post- and 
pre-C MC linear courses (using the conductance isotherms) 
by the relation, g = post-CHIC slope/pre-('MC slope. It has 
been explained that the degree of dissociation (C) depends on 
the nature and concentration of added salts, th0 cuions do not 
affect the values of r; much. As the degree of counterion 
binding also depends upon the surface charge density of the 
micelle, the greater the charge density, the greater will he the 
cuuntcriun binding with it smaller surface area per head 
gr(o)up. It shows no regular variation of ,g values (Supporting 
information, Fig. S I ). The ,c values were found to increase 
with the increase in the salt concentration and this could be 
due to the reduction in the charge density on the micellar 
surface and release of cuunterions, while the decrease at still 
higher values of salt concentration may be due to higher 
counterion binding on the micelle surface. 
Effect of Salt Counterions on the Thermodynamics 
of Micelle Formation 
A therm xlynamic description of the process of micelle for- 
mation includes it description of hi it 	electrostatic and 
hydrophobic contributions to the overall Gibbs energy of the 
system. The hydrophobic Gibbs energy (transfer Gibbs 
energy) is defined as Gibbs energy for the process of trans-
ferring the hydrocarbon solute from the hydrocarbon solvent 
to ater. Micelle formation in an aqueous medium is a ther-
mcxlvn:nically favored and it spontaneous process accum-
p:inied by a significant decrease in Iree energy. and the driving 
force behind it is the hydrophobic bonding accompanied by 
desolvation. Thus, the phenomenon of nlicellization is an 
enerectically controlled process. where the formation of the 
micelle is well under thermodynamic control. 
For all the gemini:. the Gibbs free energy of micelli-
zation 1451 was calculated using equation: 
X\G,1 (3 2,i)RT.InCNIC1 	 (4) 
In this equation, the CHIC, , is the ('MC of the mixhu-e of 
the t~su components at a ,given stole fraction. For 
/C$Springer  
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surfactants %%ith lox% ('.1(' 'alue> Ihclo 	it) milt. the 
x;,lue> of .\G', would onl'. differ by constant 	In 55.5 
when usinC one or the other unit I 5 (lor the nucellization 
in pure seater. the number of moles of soli,ent is taken as 
55.5 mol dnt-. ,. The negative values of the AG. indicate 
that nuccllization process is spontaneous in an aqueous 
tedium (Fable I ). The low CMC values of the nm-'-m 
irfactants arise ntainly because more than one chain is 
ansferred simultaneously trout background solvent to the 
iicelle. 
Further, the standard Gibbs energ\ of adsorption 140J. 
(, is calculated using 
(;.,a, = DG - I'(Sit 	 ( 5 
The standard state for the adsorbed surlaclanl is a 
vpothetical monolayer at its minimum surface area per 
tolecule. but at zero surface pressure. The last term in Eq. 
i) expresses the work involved in transferring the 
irfactant molecule from a monolayer at a zero surface 
ressure to the micelle. All the negative values obtained 
mph• that the adsorption of the surfactants at the air/Hater 
iterlace takes place sponlancousi) in the order: 10-2-
t) < 12-2-12 < 14-2-14. The average values for 
)r salts show the following trend: NaSal > NaBenz > 
faros > NaBr > NaNO- > KCI > NaCI > LiCI (Table 1). 
hich is in :accordance with our previous discussion. 
)rganic Salt Effect on Interaction Parameters 
►s reported earlier, organic salts have additional hydro-
'hobie interactions besides an electrostatic one. They ha %e 
tendency to penetrate the micellar surface leading to 
,nicellar growth with lower loading of bulky organic 
counterions..An induction of strong hydrophobic interac-
tion and reduction of electrostatic repulsion between the 
headgroups lead to the formation of tightly packed reduced 
curvature aggregates. Addition of hcdrotropes (organic 
salts). bearing an opposite charge and hvdrophohicity. 
reduces the electrostatic repulsion between the headgroups. 
whereas the hydrophobic interaction increases to the extent 
of being more with a surfactant haying a larger alkyl chain 
length. As it result. more stable mixed systems with higher 
alkyl chain lengths of gentinis are formed due to the . n-
ergistic interaction.. Thus, a mixture of hydrotropes %%ith 
gemini surfactants leads to the formation of mixed aggre-
gates because of the different surface activity of the 
components. 
\fixed micelles formed in the solutions of such nonho-
inogeneous surface active materials are expccte'd to be 
nonideal. The nonideal mixing is quantified using 
IRuhingh's model (171. This model is based on Regular 
Solution Theory (RST) for nonideal mixed system.. 
In order to inxestigate interactions hctxxeen txxu cont-
pound. at an interlace or in micelles, the co-called 
/i p.ii:unctcrs (intcractiou p:uaincut.) arc calculated by 
using Ruhin,,h's and Rosen'. approach (4). which are 
convenientivv obtained from surface (or interfacial) tension 
or from CMC data by using the xrell-knoxxn Eye. (h-91. By 
knowing the If parameters. the nature and strength of the 
interaction between the two components can be ascertained 
(It'° is the interaction parameter for mixed micelle lorma-
tion in an aqueous medium and fi" is the interaction 
parameter for mixed monolayer formation at an aqueous 
solution/air interface). The average CMC values of NaTos• 
NaBenz. and NaSal used in the calculation are 199.10, 
290.17. 577.84 mSl. respectively. 
For mixed micellar systems the Rubingh's approach is 
applied as: 
[(Xi') 2 In(CMC1 _ xt;CMCi.V~' 
(I - Xi')ln(CNiCi :i 1 	x i ) '('M('•(l 	((') 
/ . 	In{CMC12xt1CM9CiXm) 	
(7) 
(1 -- 
(CMC,, CMC,, and CMC i2 denote the experimental CMC 
values of hydrotrope, suifactant. and their binary mixture. 
respective!y, and X;' is the micellar nude fraction of the 
hvdrotrope in the mixed micelle). 
Analogously, for a mixed monolayer of micelles, 
Rosen's approach is applied a.: 
L
(Xfl In(conct,xi/crmctXi 
= 1 	(R) 
(1 -,Y')-InLcunc t,(l - !I I conc2 (i -,Yi)~ 
If In(conc t.xt /conc1 Xi) 	 (9) _ 
(where, cone,, Cone,, and conc i , denote the concentrations 
of h\.drutrope. surfactant. and their binary mixture. 
respectixrly, and Xi is the micellar mole traction of the 
hydrotiope in the mixed micelle). 
:\ positive /f value signifies repulsive interaction among 
mixed species. whereas it negative value signifies an 
;-ttrtcti%e interaction. The more negative values cxidence 
strung interaction. In all the mixed systems, negative /1"' 
values are obtained (Table" TS2a. TS2b, hie. (,), which 
suggest that the interaction between the two components is 
more attractive in mixed micelles as compared to the self-
interaction of the two components before mixing With an 
increasing mole fraction of h)drotropcs, due to the inter-
calation of counterions in the _,eniini micelles, attractive as 
well as hydrophobic interactions increase and hence more 
negative /!" values and lo-,w C\1C values are obtained. 
ti~rin;rr 
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For the mixed :nunola er ( Rosen'. approach ). the /;" 
values also shoo a ' imilar trend (Table 2, TS?a. TS2h. 
Fie. h), i.e., the 'alt-gemini mixtures have a stronger 
attractive interaction at the solution/air interface. Further. 
in must ul the cases, with increase in alkv l chain len th. the 
attractive interactions of organic 'ah-'emilu sv tems 
increase. 
The /1 %aloes are related to the activity coefficients (l;l in 
the mixed systems as per the following equations: 
('ll„ 
 
= exp[/ ( l - Xh1)2l 	 ( 10 ) 
= exp;,' ~X;', 21 	 (II 
i =exp/i`(1 -X?)2 	 (12) 
f` = exp[,i" (Xi)"] 	 (13) 
The activity coefficients of gemini surfactants (ff) are 
found to be higher than that of the hydrotropes (f t ) 
('fable 2), which are less than unity, indicating nonitleal 
behavior and 	nergistic interaction between the two 
components. 
The greater the value of the interaction parameter, the 
greater the extent of nonideality in the system and the 
smaller the value of the activity coefficient. The low 
hydrophobicity and the higher CAMC values. beside. other 
lactur•. such as chain length and structure, also affect the 
interaction;. 
Conclusions 
.\ comprehensive study of the ion specific effect of the salt 
counterions on the micellization of cationic gemini surtac-
lants (m-'-m, in = 10. 12. 1.1) were performed by conduc-
tontetric and ten;iumetric mmcasurcmcuts: The micellization 
ut gemini surfactants in the presence of salts occurs at lower 
concentrations. The inorganic countcrions have been found 
to affect the micellization of ceminis by obeying the Hof-
nteister series. The organic salts have been found to decrease 
the CM1C more effecd,,cly than inorganic salts and the trend 
observed is found to he NaSalicylate > NaBenzoate > 
NaTosylate > NaBr > N.60, > KCI > NaC'I > LiCl. With 
an increase in salt concentration, the increase in fl( ' 51( 
values indicates increased efficiency. The trend is as fol-
lows: I0-2-1O < 12-2-12 < 14-'-14. The /,,„ value shows 
a decrease with an increasing concentration of salts. It also 
confirms that the gemini surfactant molecule is almost 
perpendicularly located at the micellar interface. The 1,,,,,,, 
values increase with an increase in salt concentrations. 
%%hich confirm that in the presence of salts, the gemini sur- 
factant molecules have a greater tendency to become 
adsorbed at the air/ water interface, compared to that in the 
Table 2 Mieellar compositions IX'', X'). interaction parameters (/(, /1"). and acuity coefficients (/°', f_' f' J ) of binary mixtures of cationic 
gemini surfactant 14.2- 14 it different mole fractions of salts at 303 K 
uTnr •' 	1.1 	' 	11 
U.5 I(.259 -15.45? 4111 11.275( U'u(( -1`.711-; (,4h14 I 	?('(,9 
0.66 0.323 -17.014 4.11 0.1694 0.337 -18.8411 2 5312 11 	1 177 
0.8 0.370 -21.129 2?8 (1.0554 0.376 -22.570 15245 1)031 1 
085 (1.388 -23 344 160 0.1)298 0.391 -24.399 11745 00239 
0.9 ((.405 -25 310 1 28 (I.(lI$S 0.406 -25.)S$ I 	141') (101 ±8 
,VuBen;. - 14 ' 14 
(1.5 (1.25') - 16.357 2.56 u.2550 ft  29t - t(1.144 '_9891 u.2549 
1166 11.321 -17.85` 2.66 0.1585 0.326 -1743(( 2'aH)4 01488 
(Ix ().377 -23.961 11.914 0.0332 n. ;C3 -24.605 !1 8550 00270 
085 11.392 -25.989 0.673 0.0154 (1 , 394 -25.782 07727 (1.0153 
0.9 0.407 -27.979 0.533 0.18)97 0.410 -28.117 05616 0.0089 
,V S,-jl + 14-'-14 
0.5 0.301 -19.188 0.848 0.1758 0.282 -17.459 12336 (12494 
1)66 (I.13I -2(1.954 1).835 11.1(8(7 (1. 	10 -181-38 1 	+OII 0.16fi7 
0.8 (1.375 -26260 0.351 1.1)249 1).366 -24.633 (I5(x)') ( 	)169 
0.55 (1357 -27.85)) 0285 0.015-1 0.381) -26.326 1).4(129 ((.0223 
0.9 (1.401 -29.729 1.333 0.(8)84 0.394 -27.828 0.3646 0.0133 
SFringer AM 
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absence of salts. The neealive values of the AG indicute 	slid rants r the aidwatcr interface takes place npolltane- 
that miclluntion ptmeess is spontaneous in in aqueous 	ously. In him the cases of AG. and AG°I„ more negative 
medium- The average values for 6(ia For sal, shuw the 	values are ohtnined with incaosing alkylchain length of 
following trend. NaSalicyIame > NaBenzoare > Narosy- 	gemini and show, f,IIuwing mrcnd! 10-2-I0 < 12-2-12 < 
late >NaBr > NaNO, > KCI > NaCI > LiCI. All the 	14-2-14. Mixture of hydrotiopes (organic salts) with 
negative values obtained imply that the adsorption of the 	gemini Bur mannts leadloihe ionimtion ofmixed nggcegates 
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hec;uue of the dillerent surface .rctivilv ol the component;. 
\Vith an increasine rnole traction of hvdrotrnpes. due to the 
interc.tlatitln of salt Goonteriuns in the Gemini micelle., the 
alt racrl\e interaction as well as hydrophobic interaction 
increase and hence more negative ;','" values and low CHIC 
values are obtained. For the .alt-,t entini mi.xtwies. attractive 
interactions and X, values are ncarl} equal in mixed 
micelles and monolavers. Further, with an increase in alkv l 
chain tenth of gemini. the attract i\ e interactions of organic 
sail-gemini systems increase. The activity coetficients of 
gemini surfactant. 111) are found to be higher than those of 
the hydrotropes l,/i), which are less than unity, indicating 
nonideal behavior and it %\nergistic interaction bcn+ccn the 
two components. The nature and the structure of salts pn-
ntarily govern the morphology of the gemini. Thu:, these 
systems may be utiliied for tuning, the nliceIlar morphology 
or for reduction of CMMC. 
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